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INTRODUCTION 


One of the oldest problems in plant physiology, movement of 
food materials, is still a subject of much controversy. Comparable 
in importance with the circulation of blood in animals, this func- 
tion forms the groundwork for any clear understanding of the nu- 
trition and growth of plants. And because of the observed corre- 
lation of the movement of viruses and growth regulators with foods 
within the plant, a clear understanding of translocation is a key to 
the solution of the practical problems of virus control and the use 
of the hormone type weed killers. Such a basic function would 
seem to demand concerted and intensive research. However, with 
the exception of recent interest in 2,4-D movement, work on this 
problem has been scattered and intermittent. 

When one seeks the reason for this apparent neglect of so funda- 
mental a problem, he soon realizes that it lies in its breadth and 
intricacy, and in the fact that it covers two fields, anatomy and 
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physiology. The unsatisfactory state of our present knowledge 
of translocation processes results from a lack of appreciation of 
this latter fact. Many physiologists have postulated transport 
mechanisms that have little support in the realities of plant struc- 
ture. And many anatomical studies, even the more recent ones 
describing phloem ontogeny, while giving an excellent picture of 
structure, offer few clues to the role of the tissues in the function 
of food movement. Yet a tissue having such specialized structure 
as the phloem must present some evidences of the adaptation of 
structure to function. Esau, in a recent review in this journal 
(Esau, 1950), has treated the “ Structure of the sieve element in 


relation to its function”. At the obvious risk of being repetitive, 


I am treating this same subject, attempting this time to present all 
available information which might be helpful in visualizing the 
mechanics of translocation. Though applicable only indirectly to 
the physiology of food movements, this evidence should delimit the 
physical equipment which the plant has as its disposal for the per- 
formance of this function. It should prove useful to the physiolo- 
gist in making a realistic approach to a solution of the problem. 


STRUCTURE AND FUNCTION OF THE PHLOEM 


The phloem of most plants is composed of sieve elements (Esau, 
1950) and parenchyma. Phloem fibers are also commonly pres- 
ent, and in the angiosperms companion cells accompany the sieve 
elements. In the gymnosperms specialized parenchyma cells 
termed “‘albuminous cells” seem to be analogous to the com- 
panion cells of angiosperms. In common with them, they contain 
heavily staining contents, and they are obliterated together with 
the accompanying sieve cells. 

Phloem parenchyma cells are often filled with starch and ob- 
viously function as storage cells. In some situations, as in leaves 
and petioles and in stems of herbaceous plants, they may contain 
chloroplasts and hence function in photosynthesis. In leaves and 
green stems they may serve in the polar symplastic conduction of 
sugars to the sieve elements (Roeckl, 1948). In unpigmented 
phloem they undoubtedly play a role in symplastic movement from 
the sieve cells to cambium or storage cells. And certain phloem 
parenchyma, located on the borders of sieve-tube strands, may 
possibly serve to retain within the strand the assimilate stream 
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(Crafts, 1938). When this retaining layer is disrupted by cutting 
or by virus injury (Bennett and Esau, 1936), leakage of phloem 
sap rich in sugar may occur. 

Other than a possible function in strengthening, little can be said 
concerning phloem fibers. Fibers of flax and hemp, and many 
others of commercial importance, originate in the phloem. 

Sieve elements of the phloem are obviously the ones primarily 
involved in translocation. They are the only cells sufficiently 
specialized to perform this function (Crafts, 1939c). They are 
the cells from which phloem exudate comes (Crafts, 1939c). And 
they are the cells which Schumacher demonstrated to transport 
both carbohydrates and nitrogen (Schumacher, 1930). Their 
exact role, and the relation of ontogeny and structure to this role, 
however, remain obscure. 

The companion cells, commonly associated with the sieve tubes 
of angiosperms, have been described as retaining a nuclear influ- 
ence over the sieve tubes after the latter have become enucleate 
(Esau, 1939). We know that the sieve tube and and accompany- 
ing companion cell or cells arise from a common mother cell 


(Esau, 1939), that the companion cell retains its nucleus and dense 
cytoplasmic content throughout the functioning life of the sieve 
tube, and that the sieve tube and its companion cell or cells are 
obliterated together. Esau (1948a) has recently found that the 
companion cells of grape have slime bodies similar to those in 
sieve tubes of this species. 


SIEVE CELL ONTOGENY. The development of sieve cells from 
their origin in the meristem to their mature condition and on to 
their final obliteration has been described for a good many species 
(Crafts, 1932, 1933, 1934, 1938; Abbe and Crafts, 1939; Esau, 
1934, 1938, 1939, 1941, 1943, 19484; Schneider, 1945a). Most 
of these studies present the same picture of sieve cell development. 
Although there are differences in ontogeny between the primary 
and secondary sieve elements and between the sieve cells of the 
ferns and gymosperms, as contrasted with the sieve tubes of the 
angiosperms, physiologically the important feature of the process 
is the similarity of certain aspects throughout this wide range of 
plant species. Starting as a simple daughter cell, similar in all 
ways to its neighbors, the young sieve element soon becomes dis- 
tinguished by certain characteristics. In the primary phloem the 
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young protophloem sieve tube usually becomes prominent by its 
thick darkly staining wall (Crafts, 1943a, Fig. 16; Esau, 1944, 
Plate 1A) and by its contents that usually take more than the 
usual amount of stain (Esau, 1938, Plate 8a; 1941, Plate 8b). In 
the secondary phloem, wall thickening and increase in size beyond 
that of neighboring parenchyma characterize the young sieve ele- 
ment. Often the thickened wall displays the shining nacre condi- 
tion characteristic of sieve tubes in their developing stages. 

The young sieve element is a nucleate cell of angular outline 
and active streaming protoplasm. Plastids are usually present in 
the cytoplasm, and in many species slime bodies of various types 
may be found (Esau, 1939). In young sieve tubes an inner net- 
work of cytoplasmic strands may traverse the vacuole of the cell, 
and often the nucleus is suspended among these strands. Stream- 
ing of the strands is commonly observed, and they may break and 
reform in odd and varied patterns. These young elements accu- 
mulate neutral red very strongly (Abbe and Crafts, 1939, Fig. 14; 
Crafts, 1939c, Fig. 3), and they readily plasmolyse when treated 
with hypertonic solutions of sucrose, dextrose or KNO3. One of 
the first changes they undergo is a rapid turgor expansion, dur- 
ing which they become rounded in outline, the pit-closing mem- 
branes of their primary pit fields are bulged into neighboring ele- 
ments (Abbe and Crafts, 1939, Figs. 13, 14, 15; Crafts, 1939c, 
Figs. 1, 2, 3), and the elements quickly enlarge to their mature 
size. This growth may involve a several-fold increase in size, 
but the attainment of mature size does not mean that the cell has 
matured physiologically, for the cell at this stage still exhibits 
neutral red accumulation, protoplasmic streaming, and the proto- 
plast at this stage may plasmolyse readily and stain heavily, espe- 
cially in the pit areas. Strands of the inner network become 
tenuous. 

Throughout this intermediate stage of development the nucleus 
is present, slime bodies are in the cytoplasm and are often asso- 
ciated with the nucleus, and plastids present within the cytoplasm 
may accumulate starch that stains wine red with iodine. Sieve 
cells of certain conifers may go through the winter in this inter- 
mediate stage of ontogeny, completing their maturation quickly 
with the increase in activity in the spring. 

Having reached mature size, the sieve element undergoes a 
series of unique changes found in no other plant cells. These 
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changes may go on very rapidly or more slowly; they may all go 
on together or some may lag behind. However, when they are 
completed, the sieve element is an entirely different cell, and 
many have assumed that now it is in its functional state. Crafts 
(1932, 1933, 1934, 1938) and Esau (1934, 1938, 1939, 1941, 1943, 
1948a) have described these changes in many species. They have 
been overlooked or ignored by many physiologists. 

First in importance is probably the disintegration of the nucleus. 
Crafts has described this for squash, potato, tobacco and cotton 
(1932, 1933, 1934, 1938) and has observed it in many other 
species (1939c), Esau has described it in sugar beet, tobacco and 
grape (1934, 1938, 1939, 1941, 1943, 1948), and Rouschal in 
Robinia and Cucurbita (1941). Salmon (1946) has seen it in 
some 52 species of 47 genera of dicotyledons, and in two species of 
monocotyledons. It probably occurs in all species having differ- 
entiated phloem, and undoubtedly it plays an important role in 
sieve tube specialization. 

Accompanying nuclear disintegration, the slime bodies break 
down and disappear as discrete inclusions. This has been illus- 
trated by Crafts (1932, 1933, 1934) and by Esau (1934, 1938; 
see also Esau 1939, 1950). It seems probable that much of the 
slimy, deep staining, proteinaceous material found in sieve tubes 
during intermediate stages of ontogeny and early stages of ma- 
turity results from this breakdown of the nucleus and slime bodies. 
Spheroid bodies found in sieve cells of several species by Le Comte 
(1889), Crafts (1938) and Engard (1944) have been identified 
by Esau (1947) as nucleoli freed during the breakdown of the 
nuclei. 

Plastids up to this time embedded in the cytoplasm also break 
down, releasing the starch grains into the central vacuole. Rou- 
schal (1941) describes this release of starch grains as an artifact 
resulting from rapid flow of sap through the cell. Since, as will 
be mentioned later, Rouschal described no adequate criterion of 
maturity of sieve tubes in his studies, it may be that he observed 
this release of starch grains in a cell that had not yet attained full 
physiological maturity. In species in which starch is not accumu- 
lated in sieve cell plastids, these break down completely and dis- 
appear from the maturing cell. Cucurbits and sugar beets are 
examples. 

Attending these cytologic changes in the sieve elements are cyto- 
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plasmic changes of great physiological significance. Streaming 
gradually slows down, becomes plastic and amoeboid and finally 
stops (Crafts, 1932, 1933, 1939c). Neutral red accumulation no 
longer occurs, but aniline blue, previously unable to penetrate the 
cytoplasm, now moves in readily and stains the vacuole and slime 
(Crafts, 1932, 1933). And the cytoplasm originally fluid and 
highly sensitive to injury, now becomes tough, elastic and fibroid. 
This state is illustrated in Crafts (1933, Figs. 16, 17, 1939, Fig. 
5) and by Abbe and Crafts (1939, Figs. 15, 25, 27, and 29). 
Rouschal (1941) emphasizes the thinness of the cytoplasmic layer 
of mature sieve tubes but considers it highly sensitive ( Rouschal, 
1941, p. 139; also Schumacher, 1939, p. 548) rather than tough 
or elastic. 

At one stage of change from its original fluid state to that of a 
tough elastic layer the sieve tube cytoplasm has an avidity for dyes, 
particularly in the pit areas. The protoplasmic connections of 
the sieve plate are particularly prominent at this time. Such 
stages are illustrated by Abbe and Crafts in figures 15, 20, 29, 45 
and 46. Later the cytoplasm loses its affinity for stains (Abbe and 
Crafts (p. 719; Esau, 1941, Plates 7,9) and is demonstrated only 
with difficulty. This condition is characteristic of functioning sieve 
elements and is common to most of the sieve elements in many 
plants during the active summer period. This final loss of affinity 
for stains was not mentioned in Crafts’ paper of 1939 (Craits, 
1939a), and this led Esau to point out the conflicting statements 
in his work (Esau, 1950). 

During these changes the inner phase boundary of the cyto- 
plasm breaks down, and in the mature element the parietal layer 
of cytoplasm can be seen only by special staining technic or by 
separating it from the wall. The inner network of cytoplasmic 
strands is no longer attached to the side walls, but there is some 
evidence that it persists attached to the sieve plates. 

The fact that immature sieve tubes show typical concave plas- 
molysis (Crafts, 1933; Abbe and Crafts, 1939; Huber and Rou- 
schal, 1938; Rouschal, 1941), whereas mature elements show com- 
plete separation of the parietal cytoplasm from side walls, when 
shrunken by dehydration with concentrated solutions, indicates 
that the external surface of the cytoplasm has also been altered 
during maturation. The protoplasmic connections commonly pres- 
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ent and demonstrated in the pit areas of the side walls by the 
process of concave plasmolysis have evidently deteriorated to such 
an extent that they readily break. When the shrunken protoplast 
pulls away from the side walls no evidence of the former connec- 
tions can be seen, a situation that contrasts with the plasmolysis 
picture obtained when mature epidermal parenchyma of cucumber 
or onion are treated with strong sugar solution (cf. Crafts, 1932, 
fig. 22). It is in this state that the protoplast of the sieve cell 
fails to plasmolyse (Crafts, 1939c). The failure of mature sieve 
elements to plasmolyse has been the focus of considerable contro- 
versy. Schumacher (1933), studying sieve tubes of the petiole of 
Pelargonium, in which the tonoplast was readily visible, concluded 
that mature sieve tubes could be plasmolysed. Huber and Rou- 
schal (1938, Fig. 13) concluded that the sieve tubes of Cucurbita 
pepo can be plasmolysed and considered this a special case. Rou- 
schal (1941) has since concluded that all mature sieve tubes may 
be plasmolysed. However, none of these workers described ade- 
quate criteria for maturity of the sieve tubes they studied, and 
until it is known that the mature functioning elements will plas- 
molyse, this point can not be settled. 

In addition to his failure to adequately describe his criteria for 
maturity of sieve tubes, Rouschal failed to picture in detail his ob- 
servations on the process of plasmolysis. As Crafts described 
(1933, 1939c, 1948), dehydration of the sieve tube cytoplasm will 
bring about a shrinking that pulls the parietal layer away from the 
side walls but leaves it attached to the ends. This is not plas- 
molysis. 

In his 1939 paper Schumacher (1939, p. 546) states: “ Die 
Form der Plasmolyse war eine ‘ Krampfplasmolyse’; sie setzte 
besonders in der Mitte der Siebrohre ein wahrend an den Platten 
weniger zu beobachten war”. On page 548 Schumacher says: 
“Die eintretende Plasmolyse ist nicht bei allen ganz leicht zu 
sehen. Wie schon bei Pelargonium erwahnt wurde, setzt sie vor- 
zugsweise (nicht unbedingt) in den mittelern Teilen der Sie- 
brohren ein, also dort, wo man weniger schraf zu beobachten 
pflegt, da die Platten ja das hauptsachlichste anatomische Merk- 
mal darstellen. Der Protoplast zieht sich meist sehr rasch, zu- 
nachst in konkaven Bogen, von der Wand zuruck und bildet dann 
nach kurzer Zeit oft nur noch einen diinnen Faden. Solche Sie- 
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bréhren lassen sich dann gewohnlich nur noch schwer deplas- 
molyseiren ”. 

From his brief description (Rouschal, 1941, p. 141, 142) it is 
difficult to visualize exactly what Rouschal observed. Although he 
pictures typical concave plasmolysis in his illustrations (Plate III, 
figures 1, 2, and 3), his descriptions indicate that he had trouble 
in determining plasmolysis of mature sieve elements. When he 
waited until sap exudation could be demonstrated he found in his 
preparations many sieve tubes which he considered to be dead 
(p. 143). From his description and his illustrations it seems 
probable that he was plasmolysing full sized but still physiologi- 
cally immature sieve tubes and considering the mature ones to be 
dead from the injury of sectioning. From his later descriptions 
and his conclusion that the side wall protoplasm retained its semi- 
permeable properties, whereas the end wall layering became per- 
meable, it seems possible that he also considered the shrinking 
caused by dehydration to be plasmolysis. Only careful checking 
can find a solution of this problem. 

Although there is fundamental disagreement as to the nature 
and physiological significance of the changes in the sieve-tube cyto- 
plasm that attend maturation of these elements, there can be no 
doubt that drastic changes do occur. Some interpretations tend 
to minimize these changes. These are suggested mainly by physi- 
ologists who produce little evidence of having made detailed studies 
nor of having familiarized themselves with the morphological 
literature on the subject; others indicate a high state of metabolic 
activity on the part of the mature sieve-tube protoplast. Careful 
reviews of the literature on phloem anatomy (Esau, 1939, 1950) 
seem, on the other hand, to develop a picture of lowered metabolic 
activity commensurate with a passive role in the function of con- 
duction and followed eventually by collapse and dissolution. 

Swanson (1946), describing the reactions of plant tissues to 
sprays of 0.1% 2,4-D, stated that sieve tubes were inactive, 
whereas parenchyma of the endodermis, phloem, cambium and rays 
were active in cell proliferation. This is further evidence that ma- 
ture sieve tubes are highly specialized. 


Final decision on the mechanics of phloem conduction must 
await a clarification of the nature of sieve-tube specialization, the 
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importance of which has been recognized by Rouschal (1941), 
Anneliese Schumacher (1948) and Bauer (1949). 


During the functioning period in the life of the sieve cell the 
protoplasmic connections between adjoining elements, be they 
across side or end walls, are highly developed and prominent if 
properly stained. Long considered to be tubular in nature, these 
connections are now known to be solid and to entirely fill the per- 
forations in the walls (Crafts, 1939c; Esau, 1939). Recent elec- 
tron-microscope studies by Huber and Kolbe (1948) indicate that 
further subdivision of the protoplasmic strands occurs where they 
pass through the pit-closing membranes. This subdivision of sieve 
tube protoplasmic connections within the sieve plate was mentioned 
in earlier works (Esau, 1939, p. 395, 398). 

During the maturation stages callus cylinders develop around 
these connections, and as the sieve tubes become senile these en- 
large and elongate, finally merging to form the definitive callus. 
Callus formation is described by Esau (1939, 1950) and illustrated 
in color (Esau, 1948a). Its role in sieve tube functions has never 
been determined. Likewise the size and prominence of the inter- 
cellular protoplasmic connections, long held to be the key to sieve 
element function, is now recognized to be of unknown significance 
in the function of the phloem. Their wide range in size and 
prominence and their solid nature cast serious doubt on the possi- 
bility of a causal relation with translocation processes. 

Whatever the nature of the sieve element protoplast, it is widely 
recognized that after a relatively short functioning period, varying 
from a few days for protophloem elements to a whole season for 
many woody species, the sieve element is flattened and becomes 
senile. In this state the sieve plates are covered by definitive 
callus. Later the sieve element is either crushed or, having lost its 
protoplasmic content, is filled with liquid or air. A notable ex- 
ception is the grape which Esau (1948a) has found to function 
for two seasons. Sieve elements of Tilia are reported to function 
four years, and those of rose and Liriodendron may function a 
second year (Esau, 1948a). 


With obliteration of the sieve elements, the phloem parenchyma 
cells continue their function of storage, often becoming somewhat 
enlarged. Other changes involve formation of lignified sclereids 
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and fibers, specialization of crystal and tannin-bearing cells, in- 
trusion or intensified development of laticiferous systems and the 
common formation of successive cork cambium layers. Since these 
do not involve translocation in any essential way, they will not be 
considered further. 


THE PROTOPLAST OF THE MATURE SIEVE ELEMENT. Undoubtedly 
the most critical feature of phloem ontogeny from the physiological 
standpoint is the nature of the protoplast of the mature sieve ele- 
ment. If this layer remains in an active semipermeable condition 
throughout the functioning period of the sieve element, as the con- 
clusions of Mason and his associates (Mason and Phillis, 1937), 
Schumacher (1930, 1933, 1937, 1939), Clements (1934, 1940), 
Cooil (1941), Curtis (1935), Loomis (1945) and others imply, 
there should be some way of determining conclusively its role in 
translocation. It is unfortunate that none of the above has made 
the careful detailed studies on sieve elements that is required for 
solution of such a problem. Schumacher (1933, 1939) came the 
nearest to such a study, but apparently he finds little evidence for 
the profound changes in properties of the sieve element proto- 
plasm that taxe place with maturity. Rouschal (1941) made a 
sincere effort to clarify this situation, but his criteria for matura- 
tion of the sieve cell and for plasmolysis of these elements were 
not clearly defined. 

If the early observation on plasmolysis by Strasburger cited by 
Esau (1939, p. 377), and the results of studies by Crafts (1932, 
1933, 1934, 1938, 1939c), Abbe and Crafts (1939), and Huber 
and Rouschal (1938) can be accepted, then the sieve cell proto- 
plasm becomes permeable at maturity and pressure flow through 
the phloem is possible. Though Rouschal (1941) felt that the 
side wall cytoplasm retained its semipermeable properties, he still 
concluded that that on the end walls became permeable. Crafts 
(1948) has recently presented a physical-chemical analysis of the 
possible changes responsible for the highly permeable condition 
he assumes to characterize the mature sieve cell protoplast and its 
walls. He concludes that capillary spaces of the order of 150 to 
450 Angstrom units may occur in the protoplasm and walls of 
functioning phloem elements. Frey-Wyssling (1949) considers 
these as perfectly possible, and molecular dimensions of sugar and 
amino acid molecules indicate that these could pass readily along 
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such spaces. That such molecules may actually move through 
mature phloem of Cucurbit stems is proved by the phenomenon of 
phloem exudation from such. That larger particles are unable to 
pass is evidenced by the formation of the typical slime plugs 
against the distal sides of sieve plates along the way. The rela- 
tion of this exudation to normal phloem transport will be con- 
sidered in the next section. 


PHLOEM EXUDATION AND NORMAL TRANSPORT 


Hartig reported almost 100 years ago on the exudation of sap 
from cut phloem, and work by Zacharias (1884) Kraus (1885), 
Fischer (1883, 1884), Le Comte (1889), Haberlandt (1914), 
Minch (1930) and others has been responsible for the common 
conception of the sieve tubes as conduits for a mass flow through 
the phloem. Crafts (1931, 1932, 1936) pursued these studies fur- 
ther, giving many data on exudation rates and exudate composi- 
tion. He attempted to relate such movement to mass-flow of 
sap in the sieve tubes. This early work, limited almost exclusively 
to cucurbits, was later carried to many other species by means of 
a special method (Crafts, 1939a,c). Demonstration of phloem 
exudate from all species tested seemed to strengthen the evidence 
for the mass flow mechanism. The analyses of Moose (1938) and 
Huber, Schmidt and Jahnel (1937), indicating a high sugar con- 
centration in phloem exudate of trees, further strengthened the 
view. 

Clements (1940), studying growth and composition of the fruits 
of the sausage tree (Kigelia africana), concluded that the mass- 
flow mechanism was inadequate to account for food movement in 
this unusual plant. Though his work was weakened by the un- 
warranted conclusions that all water in the phloem is mobile, that 
a sugar analysis of the total phloem reveals the sugar content of 
the sieve tubes, and that, because fruits are young, the sieve tubes 
leading into them are immature and in a high state of metabolic 
activity, it implies that there should be a certain agreement between 
the composition of a growing fruit and the solution nourishing it. 
That such an agreement fails with respect to the composition of 
fruits and phloem exudate from cucurbits is shown by the work 
of Cooil (1941). 

Colwell (1942a) found lack of agreement between the com- 
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position of the fruits and the exudate from peduncles of pumpkin 
with respect to carbon and nitrogen. The C/N ratio of the exu- 
date varied from 3.7 to 4.4, while in the fruit it ranged from 7.5 
in young fruit to 18.5 in more mature ones. The C/N ratio in the 
fruit averaged about three times higher than that of exudate from 
peduncles supplying the fruit. Both exudate and fruit contained 
around three per cent carbon on the basis of fresh weight; the 
disproportionality in the C/N ratio resulted from the much higher 
nitrogen content of the exudate than of the fruit. 

Crafts and Lorenz (1944a) confirmed Colwell’s findings, using 
Connecticut Field pumpkin and Early Prolific Straightneck squash. 
The C/N ratios of exudate from stem tips and from peduncles of 
fruits of widely different size was remarkably constant and always 
around 1/3 to 1/5 of that of fruits. The differences again lay in 
the high nitrogen of the exudate. At the time of their publication 
they had no satisfactory explanation of the discrepancy. A second 
paper (Crafts and Lorenz, 1944b) indicated that pure assimilates 
would have to move at rates of 11.0 cm. per hour for Connecticut 
Field pumpkin and 13.4 cm. per hour for Early Prolific Straight- 
neck squash through the sieve tube lumina to provide for normal 
growth. Moving as a ten per cent solution by mass flow, the 
rates would be 110 and 134 cm. per hour. Moving as adsorbed 
films along the cytoplasm, the rates would necessarily be five to 
ten times or more higher yet. 

Tingley (1944) made a detailed study of the concentration of 
phloem exudates in an attempt to test the Miinch hypothesis. 
Starting at the tips of cucurbit stems and working toward the 
bases, she found, by refractometer measurements, that the con- 
centration of solids decreased from sample to sample of exudate. 
This occurred even when she took the first sample from the young 
stem tip. When sampled in the reverse order the same decrease 
in concentration of successive samples was found. Tingley in- 
terprets this as dilution, and this seems the most logical explana- 
tion, as indicated by the discussions of Crafts (1936, p. 75-76) 
and Cooil (1941, p. 76-79). 

Because she was unable to demonstrate the osmotic gradient 
postulated by Miinch to exist between the assimilating tissues and 
the points of rapid utilization in shoot tips, fruits and roots, Ting- 
ley concludes that her results refute the pressure-flow mechanism. 





MOVEMENT OF ASSIMILATES, VIRUSES, ETC., IN PLANTS 215 


This is not necessarily true. In the first place, as shown by Col- 
well (1942a) and Crafts and Lorenz (1944a, b), phloem exudate 
from cucurbits is not a true sample of the assimilate stream; it 
contains an excess of nitrogenous compounds and it is very rapidly 
diluted. A second and more significant fact is that wherever 
growth is taking place, the total volume of the assimilate stream 
may be absorbed by the growing cells with no release of water 
to the xylem. This may take place in growing shoots, in fruits, 
along the cambium and in growing roots. Only where rapid 
storage or condensation of assimilates is going on in mature tissues 
would the back flow of water into the xylem be appreciable, and 
this situation was not treated in this study. 

Tingley’s interpretation of the osmotic relations of wilting 
squash plants does not agree with that of Stocking (1945). Ting- 
ley considered the turgidity of the tips of plants removed from the 
soil to result from high osmotic concentration. Stocking found 
the concentration the same as in wilted leaves of the same shoot; 
he attributed the turgidity to active water uptake or to a high 
imbibitional pressure. The fact that these tips will produce phloem 
exudate indicates that phloem function is not seriously disturbed 
by wilting. 

Failing to realize that the dry weight composition of cucurbit 
phloem exudate is higher than that of fruits, Dopp (1939) at- 
tempted to test the mass flow hypothesis by cutting the xylem of 
peduncles. When the fruits failed to grow he concluded that some 
other mechanism of transport was involved. In addition to the 
fact that additional water from the xylem was needed for the 
growth of the fruit, Dopp did not explain how the xylem in such a 
peduncle could be cut without injury to the phloem. Anyone 
familiar with the structure of the bicollateral bundles of the squash 
peduncle will appreciate this problem. Clements (1940) likewise 
misinterpreted the volume relations of sap flow and fruit growth 
in his studies of Kigelia, expecting an exudation from the xylem 
of the peduncle when it was cut. Careful study of the composition 
of phloem exudate from this species would probably reveal that it, 
too, is higher in dry weight than the fruit. 

Returning to the discrepancy of C/N ratio of the phloem exu- 
date and fruit of cucurbit, Crafts’ (1948) recent analysis of the 
changes occurring upon maturity of the sieve tube cytoplasm 
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might throw some light on the problem. He states: ** From the 
physico-chemical view of the properties of protoplasm the above 
changes (maturation) probably involve a straightening and order- 
ing of the peptide chains attended by a loosening of bonds and a 
loss of both the lipid substances responsible for semipermeability 
and the polar groups that determine the staining properties of the 
protoplasm". Rouschal (1941) found a low lipid content in the 
mature sieve tubes and concluded that the protoplasm became 
more hydrophilic. He also noted the change from a thick layer 
having a definite tonoplast to the thin parietal film of low stain- 
ability stressed by Abbe and Crafts (1939). When he caused 
rapid sap flow through mature sieve tubes, Rouschal noted the 
tearing loose of plastids from the parietal cytoplasm by the flowing 
current. These observations suggest that the high nitrogen of 
phloem exudate of cucurbits may represent nitrogenous residues 
freed from strong bonding forces during maturation and held so 
loosely that when cutting stimulates flow at up to ten times the 
normal rate (Crafts, 1931, 1932), they break loose and flow along 
with the assimilates being conducted. If such residues are nor- 
mally contained in all mature sieve tubes and if they are loosened 
only by the violent exudation caused by cutting, then they would 
be present in all of the exudate that flows from the cut stem. This 
would explain the relation of phloem exudation to normal as- 
similate movement in cucurbits. 

Many early workers, including Nageli (1861) and Schmidt 
(1917), described an inner network of protoplasmic strands in 
sieve tube elements. Crafts (1932) mentioned these in squash 
phloem, and they are mentioned by W. Schumacher (1947, p. 
177) and A. Schumacher (1948, p. 671). From studies on sieve- 
tube ontogeny it is evident that residues from the breakdown of 
nucleus and slime bodies are present, at least for some time, in all 
sieve tube elements. If also nitrogen residues are freed from the 
inner network and from the parietal cytoplasmic layer, the flush- 
ing out of these in the phloem exudate might account for the high 
nitrogen content of the phloem exudate of cucurbits. 

As the analyses of Moose (1938) and Huber, Schmidt and 
Jahnel (1937) show, phloem exudate from trees more closely re- 
sembles the composition of assimilates carried by the phloem. 
The fact that exudate representing a fraction of the contents of 
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sieve tubes in many centimeters of stem flows from the cut end of 
a cucurbit stem proves that the sieve cells must be permeable to 
the water and solutes included. Careful study of sections from 
such stems shows that, although a few maturing sieve tubes may 
show inflated plasma sacs (Crafts, 1939a, fig. 2; Nageli, 1861; 
see also Esau, 1939, fig. 4) and many may show filtering of large 
aggregates (slime plug formation), many full sized sieve elements 
in such stems are practically free of stainable contents and show no 
physical change from having served as conduits for such rapid 
flow of sap. These are the mature sieve tubes, and the evidence 
cited indicates that they are permeable and capable of conducting 
the assimilate stream, not only at its normal rate of flow but at 
several times this rate. Many anatomical studies have neglected 
these unstained and apparently empty elements. In many stems 
they make up the majority of the phloem conductors. The above 
analysis would seem to indicate that they are the functioning sieve 
tubes. 
THE TRANSPORT OF ASSIMILATES 


Previous monographs and reviews (Minch, 1930; Curtis, 1935; 
Mason and Phillis, 1937; Crafts, 1938) have covered historical 
aspects of this subject. By 1938 the postulated mechanisms had 
been narrowed to two: (a) the protoplasmic mechanism involving 
movement in, through or upon the surface of the sieve tube proto- 
plasm and implying an active participation by this protoplasm in 
the process; (b) the mass-flow mechanism involving movement 
through sieve tube lumina and implying an entirely passive role 
by the sieve tube protoplasm. Crafts (1939c) and Huber and 
Rouschal (1938) had proposed that the protoplasm of the mature 
sieve tubes is adapted to this role by a loss of semipermeability. 
Crafts provided additional evidence on the mass flow mechanism 
by demonstrating phloem exudation from many species of plants 
(1939a). 

Huber and his associates, working on forest trees, have added to 
our knowledge of assimilate movement. In 1937 Huber (1937) 
mentioned studies on phloem exudate of trees. Using a refractom- 
eter, he studied the daily fluctuations in concentration. Huber, 
Schmidt and Jahnel (1937) conducted extensive studies on phloem 
exudate from a number of tree species. Accepting Wislicenus’ 
(1933) analyses, indicating that in phloem exudate of trees the 
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dry weight consists of 80 per cent sucrose (see also Moose, 1938), 
they used a Zeiss hand refractometer to determine the refractive 
index which they expressed simply as “concentration”. Their 
values varied from around 16% to as high as 27% with an ave- 
rage around 20%. The daily variations were usually within 2% 
to 3% with the low values occurring in the morning and the high 
values in the afternoon. Concentration was highest in the crown 
and appreciably (2% to 4%) lower at the base of the trunk. This 
confirmed the work of Pfeiffer (1937). 

Having satisfied themselves that a gradient in concentration 
existed down the tree trunk and that measurable daily fluctuations 
occurred, these workers undertook a careful study of concentration 
changes with time on large red oak trees with 50 feet or more of 
clear trunk. In July, 1937, they measured concentration changes 
at heights of ten, six and two meters throughout a three-day 
period and found significant evidence for a daily time reduction in 
concentration from the top downward followed later by a rise. 
They repeated the experiment in August with similar results. 
Considering the daily concentration minima, the change with time 
indicated a downward flow of phloem sap at two meters per hour 
in July, and 3.6 meters per hour in August. The writers point out 
that these fluctuations are not timed right to be interpreted as 
reflections of water balance, but that the volume of sap does re- 
flect the water status in that it is greatest during mornings and 
evenings and lowest at midday. That some adjustment to water 
balance occurs is shown by the higher concentration at the top of 
the trunk and by the fact that daily fluctuations amount to 2% to 
3% at 10 to 12.5 meters and only 1% at two meters. Attempts to 
study the movement of the assimilate stream by the thermoelectric 
method (Huber and Schmidt, 1936) failed. 

Huber and Rouschal (1938) have reported detailed studies on 
the properties of sieve-tube cytoplasm. They found the sieve 
tubes of most trees to be active only during one season, and they 
postulated that the cytoplasm of the functioning elements is in a 
“ premortal” state characterized by a highly permeable condition. 
Plasmolysis and vital staining succeeded only in young sieve tubes; 
the cytoplasm of mature elements they considered to die during 
preparation of sections. They considered Cucurbita to constitute 
an exception. They attempted to introduce vital dyes into vacu- 
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oles of cucurbit sieve tubes but without success. They point to 
the modified permeability of the sieve tube cytoplasm as an ex- 
ample of specialization in the phloem comparable with the com- 
plete loss of protoplasm by xylem elements. 

In a fourth paper, Huber (1939) gives a detailed description 
and analysis of the structure and function of sieve tubes of trees. 
He concluded that in the majority of the trees he studied a single 
band of sieve tubes develops each year, attaining its greatest width 
in September and collapsing after leaf fall. Narrow sieve tubes 
formed during late autumn may survive the winter, especially in 
trees having ring porous wood. In some trees several bands are 
formed separated by fiber bands; these also function only one sea- 
son. Tilia apparently develops sieve tubes that function two or 
more years. 

Sieve tubes of the Abietaceae arise in two successive vegetative 
periods; the annual ring of phloem of spruce is limited by a band 
of crushed sieve tubes. Sieve tubes of these species function only 
one season. Phloem of Cupressaceae is formed of alternating 
layers of fibers, sieve tubes and parenchyma with no distinct sea- 
sonal pattern. Huber postulates that this situation carries over 
from a previous tropical environment. In Thuja the sieve tubes 
function one to two years. He suggests that the phylogenetic de- 
velopment of the phloem has progressed from long elements (500 
microns), having sloping walls covered with sieve fields having 
many protoplasmic connections, to short-membered tubes (135 
microns) with transverse wide-meshed plates. Because many 
species having short-membered xylem vessels still develop long- 
membered sieve tubes with scalariform sieve fields, Huber speaks 
of “ phylogenetic inertia’, implying that the sieve tube system has 
had less influence upon phylogenetic progress because assimilate 
movement was less critical than water transport in the survival of 
species. Because the xylem through its function of water trans- 
port has led in the “ improvement ” of species from a physiological 
standpoint, it has determined cambium pattern and hence phloem 
structure. 

The narrowness (usually around 1/4 mm.) of the annual sieve 
tube increment is compensated by the high concentration of the 
assimilate stream so that the amount of material carried by the 
phloem is about the same as that transported by the xylem. 
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Phloem development is reduced from the crown down the trunk 
but not so much as the quantity of assimilates carried. In con- 
clusion, Huber mentions the difficulties involved in studies on in- 
tact phloem, and he stressed the need for knowledge of phloem 
anatomy. 

Meanwhile Leonard (1938) demonstrated polar movement of 
sugar from the blade to the petiole in excised sugar beet leaves. 
In 1939 Leonard (1939) showed that sugars from mature beet 
leaves placed in the dark moved into the petioles until the blades 
were depleted. This occurred from both detached leaves and 
leaves of growing plants. Since there was no tendency for ac- 
cumulation at the base of the petiole, Leonard concluded that the 
polar movement was brought about by the border parenchyma of 
the blades, that is, that it was a function of tissues at the “ source” 
rather than at the “ sink”. 

Leonard found no reversal of translocation into bagged mature 
leaves ; evidently mature mesophyll is unable to absorb sugars ac- 
tively from the phloem. While this might at first thought seem 
contradictory to Bennett’s (1937) results with shaded sugar beet 
shoots, it should be remembered that Bennett was demonstrating 
virus movement that was evidenced by development of symptoms 
on young leaves. Leonard proved that, in contrast to mature 
leaves, young growing leaves readily utilized sugars moved up 
from the roots. He concluded that the mechanism of polarization 
is not developed until late in the growth of the leaf. Blades of 
etiolated leaves imported sugar from the petioles. Sucrose gradi- 
ents in the petioles of these etiolated leaves indicate a diffusion 
from the petiole and an accumulation in the blade. This is a re- 
versal of the normal polarity. 

Engard (1939a), studying carbohydrate metabolism in rasp- 
berry, concluded that sucrose is the sugar that is translocated and 
that its movement takes place in the phloem. Transport occurs 
from roots into young growing shoots, but this movement is later 
opposed by a downward movement from the leaves. When a seg- 
ment of stem is isolated by two rings, an accumulation occurs 
above and below the isolated part, while sucrose entirely disap- 
pears between the rings. Sugars move along positive gradients. 
In a second paper Engard (1939b) reports on translocation of 
nitrogenous substances in the raspberry, as indicated by analyses 
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on the same series of samples collected for the above studies on 
carbohydrates. He found that nitrate is the important translocated 
form of nitrogen, movement occurring in the xylem. Although 
there are positive gradients of nitrogenous substances in the stem, 
these do not indicate downward movement because there is no 
accumulation of nitrogen in the bark above a ring, and the gradient 
is not reversed or even leveled during the season. Upward move- 
ment of organic nitrogen in the bark is not important because there 
was no accumulation below the lower ring and the nitrogen above 
the rings remained normal, presumably due to continued supply 
through the xylem. Elaboration of nitrates to amino acids and 
protein is not restricted to leaves alone but occurs in all living cells 
of the plant where the proper conditions for nitrate reduction exist. 
The amount of nitrate reduction and elaboration is proportional to 
the amount of protoplasm in various parts of the plant; it is greater 
in the stem tip and leaves. Engard concluded that the phloem of 
the stem is a highly metabolic tissue that absorbs inorganic salts 
from the relatively passive xylem. The presence of inorganic 
solutes in the phloem reflects an absorption process homologous 
with the absorption of salts by roots and does not manifest primary 
solute translocation. 

Realizing the critical nature of the problem of sieve-tube per- 
meability, Schumacher (1939) made intensive studies on the plas- 
molysability of these elements. Using the petioles and veins of the 
leaf of Pelargonium, he found that fully developed elements capa- 
ble of conduction (of fluorescein) could be plasmolysed. Treat- 
ment with KNOs3, Ca(NQOs3)e or glycerin was less successful than 
sucrose. He describes the sieve tubes in his material as having 
very sensitive protoplasts and pictures plasmolysis as a rapid bend- 
ing of the protoplasm from the side walls, forming often a thin 
strand in the center of the cell. It remains attached to the sieve 
plates. Schumacher describes his results on 27 different plants, 
using bark of twigs and petioles and midribs of leaves. 

In an attempt to test the mass-flow hypothesis, Clements (1940) 
studied the growth of fruits of the sausage tree, Kigelia africana. 
Recording weekly the volumes of these fruits, he was able to cal- 
culate the weekly increments. From samples of comparable fruits 
he determined the green and dry weights, and from these he cal- 
culated the weekly dry weight increases. From total carbon deter- 
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minations on the samples he calculated hexose sugar equivalents. 
And from samples of the phloem of the fruit stems he determined 
the total and reducing sugar content, the dry weight and the cross- 
sectional area. Calculating sugar concentrations on the basis that 
all the water in the phloem is mobile, he found the reducing sugar 
concentration in the phloem to be 0.62%, the total sugar concen- 
tration to be 1.75%. From his total carbon determinations, by 
conversion to hexose sugar equivalents, Clements calculated that 
5.7 liters of a 0.62% solution or two liters of a 1.75% solution 
would have to traverse the phloem each day to account for growth 
of the fruits. Using 0.53 cm.? as the cross-sectional area of the 
phloem, it turns out that the above volumes would have to flow at 
rates of 159.4 or 449.1 gm. of solution per cm.? per hour. Since 
these daily volume increments could not stay in the fruits and 
could not conceivably be lost by transpiration, Clements calculated 
that 5.4 liters of water (if the 0.62% concentration is used) or 1.7 
liters (using 1.75%) would have to move back through the xylem 
daily. The larger value corresponds to 223.5 ml. per hour. Slit- 
ting the bark and freeing the cut xylem cylinder in the fruit stem, 
Clements found no exudation of water from the xylem of the end 
attached to the fruit. Because the above rates of flow seem im- 
possibly high, and because there was no return of water from the 
fruits, Clements concluded that the mass-flow mechanism is in- 
adequate to explain fruit growth in Kigelia. Unfortunately 
Clements made no attempt to determine the concentration of 
total osmotically active substances in the sieve tubes. And his 
assumption that all water in the phloem is mobile overlooks much 
work on the quantitative aspects of phloem volume relations 
(Crafts, 1931, 1932, 1933, 1938). 

Because Clements found the greatest growth increments of his 
fruits during the first five weeks, he assumes that the sieve tubes 
leading into these fruits were immature and hence in a state of 
high metabolic activity (Clements, 1940, p. 699). This assump- 
tion neglects much work on sieve tube ontogeny (Crafts, 1932, 
1933, 1934, 1938; Esau, 1934, 1938, 1939, 1943, 19482). Con- 


cluding that the mass-flow hypothesis is “ hopelessly inadequate ” 
he states “. . 


’ 


. it is much simpler to conceive of the sugar moving 
in solution but independently of the more or less static solvent ” 


and “it seems that the living cytoplasm expends energy in aiding 
the translocation of sugars ”. 
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Mason, Maskell and Phillis (1936) have stated that: “In the 
case of acceleration along the sieve tube system no calculation of 
the necessary expenditure of energy seems possible”. Mason and 
Phillis (1937) say: “ It may, however, be accepted that the energy 
consumption would be enormous, provided the laws of classical 
physics obtain in the sieve tube. It would, in fact, seem doubtful 
whether the carbohydrate present could supply the necessary en- 
ergy”. In view of the bonding forces normally present between 
water, carbohydrate molecules and the protein chains of proto- 
plasm, it is difficult to visualize rapid unidirectional movement of 
assimilates through “ more or less static solvent ”’. 

Cooil (1941), using squash plants growing in three metabolic 
categories—young vegetative plants, older plants in a balanced 
fruiting condition, and fruiting plants of the same age but nitrogen 
deficient—attempted to determine how truly phloem exudate repre- 
sents sieve tube contents, what forces cause exudation and how 
the mechanism of phloem transport functions. Employing green- 
house plants in culture solutions, he sampled leaf blades and 
petioles. Phloem exudate was also collected. 

Cooil found that the flow of exudate was greatest from the 
petioles of the minus-nitrate plants (category 3) and least from 
the low carbohydrate plants (category 1). This was in inverse 
relation to the sugar concentration of the exudate and directly 
correlated with the sugar concentration of the tissues. Since the 
exudation was greatest in the plants where translocation was re- 
duced and least in the vegetative plants where growth demanded 
the greatest transport of assimilates, Cooil concluded that no re- 
lation exists between exudation and translocation. When it is 
recalled that exudate was collected for only one minute from each 
cut, it seems as reasonable to conclude that pressure in the phloem 
was greatest in the minus-nitrate plants where carbohydrates and 
other assimilates were piled up because growth was lacking. In 
the young active plants growth was creating a sink where assimi- 
lates were being used up, and hence in these plants phloem pres- 
sure was low. Concerning the relation of sugar concentration to 
phloem exudation, the mass-flow mechanism only requires that 
the assimilates in transport be osmotically active. The total dry 
weight of the phloem exudate is a closer approach to the osmotic 
activity of solute than is sugar concentration, and Cooil found dry 
weight contents as high as 9%. Cooil assumed that much of this 
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was protein. Though nitrogenous in nature, it might have had 
simpler molecular structure and hence higher osmotic activity. 

Because of the high nitrogen content of the phloem exudate, 
Cooil assumed that the protein was high, hence the sieve tubes 
were highly active. Since it had been amply proved that the 
phloem exudate of squash may come from long distances through 
uncut cells (Crafts, 1936) before it flows from the cut surface, 
it seems difficult to visualize leakage of proteinaceous contents 
from such active cells. Certainly many studies on absorption and 
loss of mineral nutrients by cells would indicate that such loss of 
contents indicates a low activity state. Such a low activity of 
mature functioning sieve tubes is indicated by many studies in 
plant anatomy (Crafts, 1939c; Esau, 1939, 1950). 

Cooil concludes his paper with a discussion of the readjustments 
that occur in pressure conditions in the xylem and phloem when 
the squash stem is cut. This discussion parallels that of Crafts 
(1936). It can not be construed as a logical argument against 
pressure flow, as it does not explain how phloem exudation is 
maintained for extended periods when only thin slices are cut from 
the stem. 

Mason and Phillis (1941) have attempted to answer some of 
the questions posed by Crafts in his review of 1938. Since their 
paper contains no new material but simply tries to reconcile previ- 
ously reported work, it will be considered in the Discussion. 

Rouschal (1941) reports on sieve tube studies in which he in- 
terprets the changes in the protoplast with maturation as resulting 
in a highly sensitive state. He noted the loss of lipids and tannins 
by the maturing elements, the increase in hydration, and the ex- 
treme lability of the elements upon cutting. Using a special treat- 
ment which was essentially bathing the tissues with a concentrated 
glycerin solution, he was able to relax the pressure so that little 
exudation occurred. Tissues so treated when exposed to a plasmo- 
lysing solution responded by plasmolysis of the sieve tubes, ac- 
cording to Rouschal. When treated with calcium and aluminum 
salts the sieve tube cytoplasm was hardened. 

Rouschal found that neutral red accumulation took place only in 
relatively young sieve tubes. The elements stained brick red, an 
indication that the sap was alkaline. Lack of staining of mature 
sieve tube elements Rouschal attributed to loss of tannin and lipids. 
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Rouschal interpreted his plasmolysis tests as indicating that the 
side wall protoplasm of the sieve tubes is semipermeable, the end 
wall protoplasm highly permeable. 

In 1941 Huber (1941) reviewed the subject of assimilate move- 
ment, presenting much of the material covered in this and previous 
reviews. He discussed the plasmolysability of sieve tubes but did 
not stress the ontogenetic aspects. He described work by Leon- 
hardt (1940) on honey-dew production by aphids. Using a single 
insect under controlled conditions, Leonhardt counted the numbers 
of drops produced per hour through a 24-hour period. He found 
a diurnal fluctuation in honeydew production that parallels assimi- 
lation values in photosynthesis studies and sieve-tube sap concen- 
trations found by Huber, Schmidt and Jahnel (1937). Shading 
reduced production of honey-dew. Huber estimated the average 
velocity of the assimilate stream to be at least 10 cm. per hour, and 
he reported values of as high as 100 cm. per hour in the bark of 
broad-leaved forest trees during warm summer days. He is con- 
vinced that osmotic gradients actually occur in the sieve tubes and 
he feels that exudation from the sieve tubes at least proves that 
they are permeable to the constituents of the exudate. Huber cites 
Rouschal’s (1941) work as accumulating evidence for mass-flow. 

Huber (1942), in laying a background for a review on the sieve 
tubes as a source of nutrients for foreign organisms and as con- 
duits for virus movement, listed a series of sieve-tube properties 
that have been determined with some certainty. He mentions the 
very narrow layer of active sieve tubes in the bark of trees, the 
basally directed pressure gradient in the active sieve tubes, the 
daily fluctuation in pressure corresponding to the diurnal cycle of 
light and dark, the late appearance of phloem exudation (late 
summer) in forest trees, the demonstration of phloem exudate 
from conifers by use of the “ Schlierenmethode” and the pro- 
longed sap flow from cucurbits with repeated cutting. 

Colwell (1942a) studied phloem exudation and fruit and exu- 
date composition of pumpkin. Using fruits of five sizes weighing 
40, 450, 1600, 6000 and 10,000 grams, respectively, he determined 
dry weight of fruit and of exudate from the peduncle. Dry 
weights of the exudate were 8.3%, 9.3%, 10.8%, 11.7% and 
13.7% for the five sizes, respectively; of the fruits 7.0%, 5.7%, 
5.7%, 6.3% and 8.1%, respectively. Thus the dry weight of exu- 
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date was consistently higher than for the corresponding fruit. 
Total carbon for the exudate for the five sizes was 3.03%, 2.94%, 
4.04%, 4.44% and 2.98%; for the fruits, 3.00%, 2.43%, 2.40%, 
2.66% and 3.28%, respectively. Total nitrogen was 0.81%, 
0.78%, 0.97%, 1.00% and 0.68% ; for the fruits, 0.40%, 0.18%, 
0.13%, 0.18% and 0.24%, respectively. Of the total carbon of 
the exudate, roughly 9/10 is associated with nitrogen compounds 
and 1/10 with sugars. Phloem exudate contains only 4.32 times 
as much carbon as nitrogen, whereas the fruit from whose peduncle 
it flowed has 13.7 times as much carbon as nitrogen. 

Colwell compared cryoscopic determinations and refractometer 
readings on samples of pumpkin phloem exudate and found them 
closely correlated. Using refractometer readings, he found no 
consistent osmotic gradient down the pumpkin stem in the phloem. 
From refractometer readings on successive drops of exudate he 
obtained the following results. All values are averages of five de- 
terminations : 


Time Cut No. Drop No. Ave. Refr. Value 
11:00 1 
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1 
2 
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1 
2 
3 
1 
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1 
2 
3 
1 
2 
3 
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Colwell concluded that the sieve tube sap is diluted about 10% 
in the first minute and gradually assumes a constant value. He 
found that the amount of soil moisture had no effect on the con- 
centration of exudate in two plots that showed some slight differ- 
ence in fruit size. Using sections of the peduncles of fruits for 
measuring cross-sectional areas of phloem, and growth increments 
on pumpkin fruits, Colwell calculated that it would take an aver- 
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age linear rate of flow of about 200 cm. per hour through sieve 
tubes by a pressure flow mechanism to account for observed rates 
of growth. By diffusion along the cytoplasm the linear rate would 
have to be even higher. 

Crafts (1943a, 1943b), following the lead of Esau (1943), 
showed in 11 species of conifers that protophloem differentiation 
at the shoot apex is continuously acropetal as contrasted with the 
intermittent initiation and growth of xylem. He concluded that 
the protophloem, being continuous with the metaphloem and sec- 
ondary phloem, is well adapted to supply all phloem mobile ma- 
terials used at the growing point, including organic and inorganic 
nutrients, hormones and other accessory growth factors. 

Crafts and Lorenz (1944a, 1944b) continued the studies on fruit 
growth and phloem exudate from cucurbits. They found, as did 
Colwell, that the C/N ratio of the fruit is from three to six times 
as great as that of the exudate. While concluding that this ex- 
cluded the possibility of considering the phloem exudate as a true 
sample of the assimilate stream, they pointed out that growth of 
cucurbit fruits may still serve as an index of the rate of normal 
food movement. To obtain reliable rate values they have recal- 
culated Colwell’s data and expressed it on an average dry weight 
basis. These calculations proved that dry food materials would 
have to move through the total cross-sectional area occupied by 
sieve tubes in the phloem at a linear rate of 16 cm. per hour to 
account for the average growth rate. During one stage of growth 
of the fruit the average rate was approximately twice this value. 

Using 39 Connecticut Field pumpkin fruits for measurements 
and recording growth from August 5 to September 7, they cal- 
culated that dry foods would have to move on the average 11.0 
cm. per hour to account for growth of these fruits. Similar meas- 
urements on Early Prolific Straightneck summer squash gave a 
value of 13.4 cm. between September 7 and September 18. Since 
in all these cases we know that these dry foods actually move in 
the phloem in association with five to ten times their weight of 
water, movements by pressure flow would be five to ten times as 
rapid as the values given here. Because the cytoplasm occupies 
only one to four per cent of the total area of the sieve plate, rates 
through these plates by diffusion along the cytoplasm would have 
to be at least 25 to 100 times these dry food values. 
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Went (1944), studying the correlation between various physio- 
logical processes and growth in the tomato plant, found translo- 
cation to be low at 26.5° C. but appreciable at 18° C. Transloca- 
tion was indicated by accumulation of sucrose above a steamed ring 
on the stem. In further experiments bleeding from excised root 
systems was used as a measure of translocation, and, again, low 
temperatures resulted in greater sugar movement in tomato. An- 
alyzing the various responses found, Went concludes that trans- 
location of sugar occurs predominantly at night, and it increases as 
the night temperature decreases to 8° C. Since growth increases 
from 26.5° C. to 18° C. and then decreases, he assumes dual con- 
trol; above 18° C. sugar translocation limits growth of stems as 
well as of roots and fruits. Below 18° C. the growth process itself 
becomes limiting. 

In a second paper Went (1945), studying growth of tomato 
plants, found that as plants grew taller translocation became more 
limiting; consequently the optimal temperature for stem elonga- 
tion shifted downward. Roots became lighter the higher the tem- 
perature; storage of sugars ceased above 18° C. These results 
furnish support for the conclusion that above 18° C. night tem- 
perature, translocation of sugar limits growth of stem, root and 
fruit of tomato. 

Went and Carter (1945) found that cutting off leaves of tomato 
close to the path of food movement seems to inhibit sugar trans- 
location. Pinching off the leaves interferes less than cutting with 
a sharp knife. These effects are probably related to slime plug 
and callus formation in the nearby sieve tubes. 

In extended studies on carbohydrate metabolism in the sugar 
beet Willam (1945) found that reducing sugars produced in the 
mesophyll of beet leaves are translocated toward the phloem of 
the leaf veins. In the phloem these are polymerised to sucrose, 
which in turn is transported down the petiole to the root where it 
accumulates. It is common knowledge among research workers 
in sugar beet physiology that the over-all transport in the sugar 
beet is polarized ; that is, from low sucrose concentrations in meso- 
phyll and veins, sugar concentration, as determined by mass analy- 
sis of the vascular tissues, is higher in the petiole and is at a maxi- 
mum in the root. The problem still facing us is to find where this 
concentration takes place. If it occurs in the border parenchyma 
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of the leaf phloem and in the phloem parenchyma and storage 
parenchyma of the root, movement within the sieve tubes may still 
follow a positive gradient and take place by either a diffusion-like 
process or by mass flow of the assimilate stream. 

Loomis (1945), reporting on translocation studies on maize, 
found that sucrose is exchanged between the phloem and the pith 
of the stem. He questioned the ability of the lignified cells of the 
bundle sheath to transport sugar, implying that they were dead 
or at least non-parenchymatous cells. However, it has commonly 
been observed that lignified fibers of grape and other species store 
starch and hence are living. There is no reason for assuming 
that the lignified bundle-sheath cells of maize are non-living. As 
living cells they should transport sugars readily. 

From many studies Loomis concludes that sucrose is the form 
of sugar commonly translocated in maize. Feeling that neither 
the activated diffusion nor the pressure-flow mechanism will ex- 
plain the polarized type of movement found in maize, he suggests 
that new hypotheses are needed. Loomis presents data proving 
that sugars are moved from leaves containing 0.3% sucrose 
through tissues containing seven to eight per cent sucrose. He 
cites Leonard’s work (1938, 1939) on polar movement in sugar 
beet and the results of Phillis and Mason (1933) on cotton as 
further evidence for polar movement. And he gives convincing 
data on the effect of pollinated maize ears on the movement of 
sugar from leaves and basal branches into these “ sink ” tissues. 

Few would question the evidence for polar transport reported 
in these works. The crux of the problem is the location of the 
polar mechanism. If, as Phillis and Mason propose, the border 
parenchyma cells are able to concentrate sugars in the phloem of 
the veins, and if, as Crafts suggested in 1931 and 1932, storage 
parenchyma cells can accumulate sugars and so lower concentra- 
tion in the phloem, it seems possible that either of the above named 
hypotheses may operate in the sieve tubes proper. It should be 
emphasized that neither the activated-diffusion nor the pressure- 
flow hypothesis was suggested to explain polar movement over 
short distances. They were designed to account for the rapid 
transport of assimilates from points of synthesis to points of utili- 
zation, often over meters of distance. And so, until both of these 
hypotheses have been proved untenable, the problem is to de- 
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velop a picture of an integrated mechanism utilizing any concepts 
that fit the known structural and physiological properties of the 
phloem. We need critical experiments that will enable us to select 
from among many suggestions those ideas that are compatible 
with existing structures and processes. 

Went and Engelsberg (1946), studying the sucrose content of 
leaves, stems and roots of tomato held at 8°, 17° and 26° C. for 12 
hours in darkness, found the sucrose content in the leaves and 
roots to be higher in the 8° plants than in the 17° plants. Be- 
tween 17° and 26° the roots had less sugar at the higher tem- 
perature, the leaves slightly more. They concluded that transloca- 
tion is less at the higher temperatures than at the lower ones. 

Goodall (1946), from studies on the distribution of changes in 
weight of young tomato plants, concluded that in all parts of the 
plant translocation is more rapid by day than by night; on an 
average about twice as rapid. At all times translocation proceeds 
from the cotyiedons and the first four leaves to the stem, root and 
four younger leaves. About one half the material translocated to 
the root was lost by respiration. In the stem assimilation and 
respiration approximately balanced. Increase in dry weight of the 
stem corresponds to the amount translocated to it. Distribution 
of assimilate by translocation varied somewhat with the season. 

Hewitt and Curtis (1948), using bean, tomato and milkweed 
plants, determined respirational and translocational losses of dry 
weight and carbohydrate from matched leaves of plants held at 4°, 
10°, 20°, 30° and 40° C. for 13 hours in the dark. In all experi- 
ments respirational losses ran from around 10 mg. per gram of 
dry weight at 4° C. to around 100 mg. at 40° C., with intermedi- 
ate temperatures resulting in proportional losses. Translocational 
losses starting around the same magnitude were about doubled at 
10° C. and were trebled between 10° and 20° C. At 30° the losses 
were approximately the same as at 20°, and at 40° significantly 
less. The workers interpreted this as resulting from depletion of 
the carbohydrate reserves in the 13-hour period at 40° by respira- 
tion, a conclusion that seems logical. Carbohydrate results ap- 
proximately followed those for dry weight, and experiments with 
tomato, milkweed and corn did not differ in essential details. 

On the basis of these results Hewitt and Curtis criticize the 
interpretation of Went, and Went and Engelsberg that transloca- 
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tion decreases as temperature is raised. They contend that res- 
piration at the higher temperatures is speeded so that reserves are 
expended, hence transport at the source is lessened. 

In an interesting discussion of the developmental physiology of 
seed plants, Loehwing (1948) points out the important and in- 
tricate role played by translocation processes. Following the on- 
togenetic changes of the plant through vegetative, flowering and 
fruiting phases, he points out the interplay of demand and supply 
of foods as they fit into the changing picture of development. 
During vegetation the picture is rather simple, but with develop- 
ment of flowers migration of foods to the flowering parts and from 
one part of the flower to another presents a complex problem. 
And later, as the developing fruits and seeds seem to rob the root 
and finally the leaves of mobile nutrients, explanation in terms of 
current theories seems hazardous. Again, however, it should be 
emphasized that the two principal hypotheses are not aimed at 
these local effects but at long distance transport. Mobilization of 
assimilates within the sieve tubes at the source (see Roeckl, 1949) 
and their withdrawal at the sink (Willam, 1945) are active proc- 
esses dependent upon metabolic energy. The postulation of such 
mechanisms is not peculiar to the advocates of any general theory ; 
they have been proposed by many workers on translocation. 

A. Schumacher (1948) attempted an analysis of the dimensional 
relations of the phloem with respect to translocation velocities. 
Using Pelargonium zonale and Bryonia dioica plants, she sectioned 
the stems and roots at various levels and measured the cross-sec- 
tional areas of whole stems or roots, sieve tubes and phloem 
channels. She also determined the average percentage ratio of 
the areas of the two sieve plates of an individual sieve tube element 
to the area of the longitudinal wall. From her data on Pelargo- 
nium it is apparent that the greatest area and volume of sieve tubes 
occurs at about one-third of the height of the stem; the channels 
narrow toward the top and toward the roots. The plate area, side 
wall area ratio is greatest just below the ground level and decreases 
rapidly going down the root and gradually toward the tip of the 
plant. 

On Bryonia the volume of sieve tubes is greatest at the soil level, 
decreasing sharply in the downward direction and decreasing ir- 
regularly for the first 75 per cent of the height and then abruptly 
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to the tip. The area ratio was greatest at the soil level and de- 
creased abruptly downward; abruptly through the lower two 
meters of stem going upward and more gradually for the next five 
meters. 

Working on the assumption, apparently derived from Munch 
(1930), that according to the pressure-flow mechanism the veloc- 
ity of transport should be dependent upon the relative diameter of 
the flow channel, A. Schumacher analyzed her data and concluded 
that because there was no actual constriction of flow channels at 
points of juncture of lateral shoots (which constrictions Minch 
had suggested would cause increased flow velocity), her data do 
not support the Munch hypothesis. 

Crafts (1948) attempted to visualize the structure of the sieve- 
tube walls and cytoplasm that enables these elements to conduct the 
rapid flow of solution evidenced by the phenomenon of phloem 
exudation and postulated by advocates of the pressure-flow hy- 
pothesis as commonly occurring during translocation. He pro- 
posed that degradation of the cytoplasm and hydration of the walls 
result in openings of the order of 125-350 A. Maturation of sieve- 
tube cytoplasm is pictured as accompanied by loss of lipid and 
polar groups along the protein chains, leaving a screen-like skele- 
ton. This would agree with Rouschal’s (1941) conclusions. Hy- 
dration of phloem walls, known to be high, is suggested to bring 
about lateral spreading of cellulose chains to the extent that water 
and large molecules can pass readily through. Thermal agitation 
should jostle the molecules along the way so that blocking would 
not occur. 

Arens (1949) proposes an “active membrane” hypothesis to 
explain many polar movements within plants. Combining elec- 
tronic and electrolytic conductors in a single membrane (such as 
the tonoplast), Arens visualizes a complex mechanism involving 
a lipoid-protein mosaic in which local circuits are acting to cause 
electro-osmotic water uptake and to absorb or secrete solutes. 
Any modification of the chain reactions of respiration changes 
the work of the active membrane; likewise any agent that alters 
the physical condition of the membrane (pore size, hydration, Z- 
potential of protein complexes, etc.). With a difference of oxygen 
pressures around 1/10 and a temperature of 30° C., the secretory 
pressure of such a membrane would be around 1.7 atmospheres 
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(assuming a Z-potential of 46 millivolts, the dielectric constant of 
81 and r, the radius of the pores=50 A). Where r=12.5 A the 
pressure would be 27.6 atm. 

According to Arens, factors changing the work of the active 
membrane could transform a concentrically polarized (accumulat- 
ing) cell into a laterally polarized (translocating) one. Among 
such factors he mentions light, gravity, an electric field or a gradi- 
ent of salts, pH, anaesthetics, etc. Hence an oxygen gradient 
might be visualized as acting to bring about polarized movement 
into sieve tubes, and a gradient of K ions, augmenting the dis- 
persion of proteins in the pores, might explain the difference in 
permeability between side wall and end wall protoplasm of sieve 
tubes postulated by Rouschal (1941). 

Although Arens’ allusions to sieve tubes are weakened by a 
complete lack of appreciation of phloem morphology, and particu- 
larly the ontogeny and cytology of sieve tubes, his ideas on polar 
movement are provocative, especially when morphological sugges- 
tions have about reached a stalemate and further advancement in 
our understanding of phloem function must await a clearer view 
of the mechanisms of polar movement into and out of sieve tubes. 

Roeckl (1949), from careful studies on the osmotic concentra- 
tion in leaf cells at limiting plasmolysis, concludes that the cells 
involved in assimilation have significantly lower osmotic values 
than has the sieve-tube sap. The concentration increases step-wise 
from tissue to tissue from palisade parenchyma through spongy 
parenchyma and border parenchyma to the sieve tubes. Move- 
ment, therefore, can not be a simple hydraulic pressure flow in 
the sense of Miinch (1930) but must involve an active mechanism. 
In pointing out the inadequacy of mass analysis for determining 
polar movements, Crafts (1938, p. 806) suggested that the actual 
concentration of assimilate in the cytoplasm might follow a posi- 
tive gradient to the phloem. In view of the above observations 
and others indicating a truly polar movement up to the phloem, it 
seems fairly certain that active accumulation is actually involved 
in the first stage of assimilate transport. From the data on sugar 
beet presented by Willam, it is also likely that active accumulation 
by storage parenchyma maintains a low concentration of osmoti- 
cally active solutes at the “sink” end of the phloem, be it the 
meristems of root or shoot, or the storing cells of fruits, tubers or 
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fleshy roots. Huber (1942, p. 315) reviews several publications 
concerned with concentration relations of sieve-tube sap and of 
surrounding tissues of the leaf. 

In a recent paper Went and Hull (1949) again attack the prob- 
lem of the relation of temperature to sugar transport. Using 
tomato plants they exposed leaves of some to sugar solutions and 
placed others in water. The stems were cut off above two ex- 
posed leaves and attached to a device for measuring bleeding rate. 
The stems below the leaves were jacketed in such a way that their 
temperature could be controlled, and experimental temperatures of 
1°, 5°, 10°, 12°, 15° and 23° were used. External temperature 
was held at 23°. 

About ten hours after placing the leaves in sugar, bleeding in- 
creases and the rate is higher from plants having stems at low tem- 
peratures than from plants with stems at higher temperatures. 
For instance, from figure 12 of their paper increased bleeding due 
to applied sugar was as follows: 1°—7.5 drops, 9°—6 drops, 12°— 
5.9 drops, 15°—3 drops, and 23°—2.5 drops. Went and Hull at- 
tribute this effect to reduced sugar transport at the higher tempera- 
tures and they visualize increased hydration of the sieve-tube 
cytoplasm at the higher temperatures as causing increased resist- 
ance to flow and conclude that a pressure-flow mechanism is 
involved. 

One disturbing feature of their work, however, is the fact that 
the plants with the chilled stems had no more sugar in their roots 
than the unchilled; in fact, Went and Hull state: ‘“‘ The sugar 
analysis on the roots at the conclusion of each experiment show an 
apparent negative correlation with the bleeding data”. Further- 
more, they appear to misinterpret the mechanism of Miinch when 
they consider that flow through the symplast involves transport 
through sieve tubes “ filled with a very thin protoplasmic mass ”. 
By referring to Miinch’s figure 8, page 60 (Miinch, 1930), it is 
apparent that he visualized the symplast as including all the living 
protoplasm of the plant, including the vacuoles. Miinch postulated 
not only that flow through the sieve tubes occurred in the vacuoles 
but that the vacuoles of adjoining sieve tubes were connected by 
pores that traversed the plasmodesmata of the end walls. 

It is difficult to visualize the swelling mechanism suggested by 
Went and Hull as adding resistance to flow, unless increased hy- 
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dration would bring about relocation of water already present in 
the cell, resulting in a greater volume of bound water in the cyto- 
plasm. 

If one seeks an explanation for the increased bleeding at low 
temperatures, two possibilities come to mind. First, respiration 
of the stems, as suggested by Hewitt and Curtis (1948), might 
reduce the sugar content to a point where the supply to the root 
is limiting. However, if this were the case, one should expect 
the sugar content in the plant with cooled stems to be higher. 
Table IV of Went and Hull’s paper shows that this is not so. 
This suggests then that not translocation but rather the root pres- 
sure mechanism is involved. In 1938 Crafts and Broyer (1938) 
proposed a mechanism of root absorption dependent upon active 
accumulation by cortical cells in a high Oz, low COz environment, 
and loss to the xylem in the low Og high CO: environment of the 
stele. They also pointed out that in many herbaceous plants con- 
siderable Og may be supplied by the green tops by flow of gas 
through intercellular spaces into the roots. Under conditions of 
rapid root absorption utilization of O2 would create a deficit in 
root tissues and bring about a downward flow of gas. Under the 
conditions of the above experiments the respiration of the warm 
stems would result in release of COg which would be taken down 
into the roots. Respiration of chilled stems would be lower; the 
O2z/COz ratio would be higher and bleeding would be faster. Such 
an explanation seems at least as logical as any that proposes a 
negative Q1o for a process of the nature of translocation. 

Curtis and Clark (1950) devote a chapter in their new textbook 
of plant physiology to the translocation of solutes. A major por- 
tion of the chapter presents the work of Curtis and his students, 
much of which was covered in 1935 (Curtis, 1935). As in the 
previous book, the different postulated mechanisms of phloem 
transport are described and evidence for and against them is pre- 
sented. Under the heading “ Factors Influencing Phloem Trans- 
port”, they discuss “ Auxin and Growth Factors”. This section 
covers new material and is well presented. Under “ Independent 
Movement of Different Substances ” their arguments against inde- 
pendent movement seem better than those for it, which the authors 
themselves favor. 

Though their comparison between xylem and phloem elements 
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is useful, their illustration of sieve cells and sieve-tube elements 
is very inadequate, ignoring almost completely the last 20 years of 
work on phloem ontogeny and structure (compare, for instance, 
Esau, 1948a). In their figure 15.9 two of the sieve tubes have 
parietal protoplasm, a third (on the right) seems to lack it, leav- 
ing the pores in the end walls open. The whole section is labeled 
“active”. In a footnote they cite evidence from Curtis and Asai 
(1939) to the effect that because phloem exudate will plasmolyse 
phloem parenchyma the phloem would leak if the sieve-tube cyto- 
plasm were permeable. This statement overlooks the fact that the 
sap in the sieve tubes is under a high turgor pressure, hence its 
DPD or plasmolysing power would be low. 

Under “ Evidence Supporting the Pressure-flow Hypothesis ” 
they cite the volume of exudate from cut phloem as indicating 
“that pores through the sieve plate are large enough to allow for 
some mass flow”. This indicates a gross misconception of the 
true problem involved. Most workers now recognize that the 
“pores through the sieve plate” are normally full of protoplasm. 
The critical issue is the possible size of intermolecular spaces be- 
tween the molecular chains of the cytoplasm filling the pores. If 
these are large enough to accommodate mass flow, we have a pos- 
sible mechanism. If they are not, then the mechanism of phloem 
transport remains a complete mystery. To quote Buller’s (1933) 
evidence for the streaming of protoplasm through pores in the 
end walls of fungal hyphae indicates another misconception. To 
suggest, as Curtis and Clark do in three places, that the proto- 
plasm of the functioning sieve tube may stream through the pores 
in the end walls is to ignore practically all modern work on sieve 
tube ontogeny and structure. 


VIRUS MOVEMENT IN PLANTS 


Previous reviews on virus movement in plants (Crafts, 1939); 
Bennett, 19402) point out that because of their differing tissue re- 
lations viruses may show three distinct modes of movement: (a) 
phloem-limited viruses injected by insects into sieve tubes may 
move very rapidly (2'%4 cm. per minute, Bennett, 1934); (b) 
parenchyma-limited viruses that move only from cell to cell via the 
plasmodesmata at rates of only a few millimeters per hour; and 
(¢) viruses such as tobacco mosaic that thrive and multiply in 
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parenchyma but also invade phloem where their spread via the 
sieve tubes may be rapid. Recently a fourth type that spreads in 
the xylem has been described. It will be considered in turn as the 
recent literature is reviewed chronologically. 

In his 1940 review Bennett covered in detail the tissue relations 
of plant viruses, particularly in relation to localization and trans- 
location. He pointed out that those restricted to parenchyma are 
less common than other types because they are less readily dis- 
seminated. Phloem-limited viruses are somewhat more common. 
With these, mechanical infection is difficult and natural vectors 
are limited to insects that feed in the phloem. Symptoms such as 
phloem necrosis, vein translucency and distortion, leaf rolling and 
distortion, are localized in the phloem. Movement of these may 
be very rapid. 

Viruses such as those of the mosaic-producing type that occur 
in both mesophyll parenchyma and in the phloem are extremely 
common. They are easily transmitted by mechanical inoculation 
and they may move slowly at first and then rapidly after they have 
invaded phloem. Virus movement in parenchyma, Bennett con- 
cludes, takes place in the cytoplasm, traversing cell walls via the 
plasmodesmata. It is probably accelerated by protoplasmic 
streaming and by the processes responsible for virus increase. 

Certain viruses have been shown to move in the direction of food 
movement in the plant. The direction of their movement may be 
controlled by influencing the direction of food transport by such 
measures as reducing leaf surface or shading. Apparently such 
virus movement is correlated with normal transport of organic 
food materials. Bennett concludes that the mechanism responsible 
for virus transport in the phloem is essentially of the nature of a 
pressure-flow system that carries foods and virus at rates as high 
as 2.5 cm. per minute. 

In a second paper on the relation of food translocation to virus 
movement, Bennett (1940b) made a comparative study of tobacco 
mosaic and curly-top virus. In Turkish tobacco plants having a 
horizontal stem and a basal sucker in a vertical position, basipetal 
movement of the mosaic in the main stem was rapid and acropetal 
movement was slow. In similar plants that were maturing seeds 
on the main stem acropetal movement was rapid. In vegetative 
plants acropetal movement was accelerated by darkening and de- 
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foliation. Basipetal movement was very slow in main stems in 
the dark. 

In Nicotiana glauca plants having top and basal grafts of Turk- 
ish tobacco three feet apart virus moved from the top to the basal 
graft and produced symptoms in six to nine days. In seven out 
of ten plants movement in the reverse direction failed for periods 
of 224 to 252 days. Upward movement was relatively rapid when 
the tops were defoliated. 

Roots of Turkish tobacco are susceptible to mosaic infection, but 
usually long periods were required for movement of virus from the 
roots into the tops. Removal of the tops hastened upward move- 
ment. 

Tobacco mosaic moved past rings that broke phloem continuity 
of Turkish tobacco stems. Failure of this virus to pass rings on 
certain plants of Nicotiana glauca is explained on the basis that 
parenchyma of this plant is unfavorable for movement and multi- 
plication of the virus. Cucumber mosaic did pass such rings but 
movement was slow. Bennett concluded that the rapid rnovement 
of tobacco mosaic virus is correlated with food transport and that 
the factors involved in the movement are not different from those 
responsible for movement of other viruses. 

Use of segmented tobacco stems proved that the mosaic virus 
moved 36 inches in 72 hours. Curly-top virus moved at approxi- 
mately the same rate in tobacco stems. This contrasts with the 
rate of 2.5 cm. per minute in beet and serves to emphasize the 
point previously made by Crafts (1938) that the nature of the 
plant must be considered in translocation studies. Bennett found 
that movement was out of shaded mature tobacco leaves, whereas 
it was into young shaded shoots of tobacco and leaves of sugar 
beet. This point was also emphasized in the above paper. 

Rapid transmission of the virus diseases of peach rosette, 
rosette-mosaic, and mosaic, and a new yellows disease of cherry 
was shown by Hildebrand (1942) to be induced by inserting dis- 
eased buds midway on the stems of peach seedlings 12 to 24 inches 
tall and cutting off the stem one node above the diseased bud from 
0 to seven days after budding. This technic reduces the time 
required for expression of symptoms from a year to around one 
month. Grafting proved effective on cherries, plums and peaches, 
and whip-grafting resulted in production of ring-spot symptoms 
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on sour cherry in 14 days. Hildebrand interprets these responses 
on the basis that the virus moves bodily through a plant in the 
food translocation stream. Contact periods only long enough to 
provide a callus bridge are required, but normally the virus is 
carried down into the roots where no symptoms are expressed. 
By severely pruning the top to stimulate rapid growth and utiliza- 
tion of foods, virus is carried into new shoots where symptoms ap- 
pear after a minimal incubation period. In a second paper Hilde- 
brand and Curtis (1942) show that darkening or shading will 
induce entrance of virus and development of disease symptoms, 
even in mature leaves. With Bennett they agree that viruses are 
transported in plants with food materials. 

Huber (1942) has given us a review of many papers dealing 
with organisms that prey on plants by feeding on or absorbing 
nutrients from the sieve tubes. Among these are a number of 
fungi and insect introduced viruses; also a flagellate that inhabits 
the sieve tubes of the coffee tree. 

In 1943 Bennett (1943) reported tests in which he showed that 
the viruses of ring spot and cucumber mosaic will pass a newly 
made graft more rapidly than will curly top. In short contact 
periods the virus of ring spot often moved ahead of cucumber 
mosaic. Bennett interprets these results on the basis that ring 
spot can move through meristematic cells, cucumber mosaic thrives 
best in differentiated parenchyma, whereas curly top will move 
only through mature phloem. Passage, therefore, was in the order 
of the establishment of these three types of tissue in the graft 
union. 

In an important paper describing studies on dodder transmis- 
sion of plant viruses, Bennett (1944) has shown that cucumber 
mosaic virus moves readily from an infected Nicotiana glauca 
plant, to which dodder strands from non-infected N. glutinosa 
plants were attached, on to a third host of N. glutinosa. On the 
other hand, only one of the original N. glutinosa plants became in- 
fected by movement of virus back from the N. glauca to the origi- 
nal host of the dodder. Thus the virus was able to move readily 
in the direction of growth of the dodder stems, but moved less 
readily from the diseased plant back along the dodder stem to the 
original healthy plant on which the dodder was established. 

Using beet leafhoppers carrying curly-top virus, Bennett in- 
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fected dodder growing on Turkish tobacco. When the virus was 
introduced into the basal end of the dodder stem it moved through 
the stem 12 inches in three hours in sufficient quantity to be picked 
up by leafhoppers feeding on the tip end of the dodder. When the 
positions of the viruliferous and non-viruliferous hoppers were re- 
versed, virus did not move in the opposite direction during 48 to 
72 hours. Bennett considers this as strong evidence for depen- 
dence of virus on food transport for rapid movement through the 
phloem. 

Repeating his classical experiments on multiple crowned sugar 
beets, Bennett found that movement of curly-top virus from an 
inoculated crown into an illuminated one on which dodder was 
growing parasitically took place but at a somewhat slower rate 
than into a darkened or a defoliated crown. The difference in 
time Bennett attributes to the time lag required for the dodder to 
become established and effect its parasitic action. Parallel tests 
with beet mosaic gave the same results except that the invasion 
of the control crowns took place in appreciably shorter periods due 
to the fact that this virus can live and multiply in parenchyma cells 
through which it spreads by a slow but steady movement. 

Because there is a variety of responses to different viruses by 
different dodder species as well as by different host plants, Bennett 
went into a detailed consideration of the anatomical relations of 
dodders and their hosts. The tracheal elements of dodder make 
direct contact with those of the host through the haustorium. Re- 
garding the phloem connection, sieve-tube-like cells occur in the 
haustorium of the dodder, but these connect only indirectly with 
sieve tubes of the host through long hypha-like cells that clasp the 
sieve tubes with numerous finger-like processes. Although great 
numbers of plasmodesmata traverse the walls of haustorial cells 
that ramify through the parenchyma of the host, these could not 
be identified with certainty in the haustorial cells within the 
phloem of the host. 

From the evidence provided by Bennett, it seems that movement 
of viruses via the plasmodesmata from parenchyma of the host to 
that of dodder or vice versa could occur in the cases where the 
virus could live and multiply in both parenchyma tissues. In the 
phloem all that is certain is that the walls of sieve tubes are in 
direct contact with walls of the intervening hypha-like cells. That 
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there is direct protoplasmic connection seems doubtful ; that there 
is no vacuolar connection seems well established. 

Bennett concludes that viruses appear to be acquired by dodder 
mainly by movement from the host into the parasite through the 
phloem along with food materials. Concerning the gaining of in- 
fection by ‘ost plants from dodder, two processes may be in- 
volved. First, there may be movement of virus from the phloem 
of dodder through the haustorium into the phloem of the host, 
counter to the prevailing direction of food movement. Infection 
by yellows-type viruses may be by this method, and, though all 
tested viruses of this type were transmitted by Cuscuta campestris, 
only low percentages of plants were infected. This may occur by 
occasional reversals of pressure flow within the interconnected 
phloem. Secondly, infection may take place by passage from the 
parenchyma of the haustorium into that of the host through plas- 
modesmata. Infection by mosaic-type viruses may be by this 
method; whereas relatively few of these are transmissible, those 
that are in general are transmitted either to a very high or to a 
very low percentage of host plants. Lackey (1948) found that, 
like the beet leafhopper, dodder haustoria are attracted to the 
vascular bundles of the beet petiole. 

In a recent paper Bennett et al. (1946) describe a virus of sugar 
beets in Argentina that resembles in many ways the curly-top virus 
with which so much of the work on virus movement has been done. 
Studies with this South American virus show that it, too, is ap- 
parently phloem limited; that it can be picked up from phloem 
exudate of infected beets and transmitted by leafhoppers or by 
needle punctures to non-infected beets; and that it moves at rates 
of 7.5 cm. per hour or more from a point of inoculation on a leaf 
toward the roots. A third virus of the curly-top type has recently 
been reported from Brazil (Bennett and Costa, 1949). 

Studies on Pierce’s disease of grape and alfalfa dwarf by 
Houston, Esau and Hewitt (1947) revealed a new type of virus 
disease of plants. The virus causing these diseases is transmitted 
by insects of the leafhopper type and apparently is limited to the 
xylem. [Illustrations in the above paper show clearly that the 
feeding punctures go into the xylem, and detailed photomicro- 
graphs show some terminating in tracheary elements. In physi- 
ological tests in which insects were fed on whole plants, whole 
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stems, isolated xylem strips and isolated phloem strips the per- 
centages of infection were as follows: whole plant, grape 91.6, 
alfalfa 75.0; whole stem, grape 80.0, alfalfa 80.0; exposed xylem 
strip, grape 60.4, alfalfa 90.0; phloem strip, grape 0.0, alfalfa 0.0. 
This seems to be the first record of a virus that is confined in the 
xylem and transmitted only when the vectors can reach the xylem 
in feeding. 

Studies on the movement of the virus conducted on alfalfa 
plants by feeding viruliferous insects on the basal nodes of stems 
followed by cutting the stems into single node cuttings showed 
upward movement at approximately ten cm. per hour. This fact, 
coupled with the above data on feeding habits of the insects, indi- 
cates that the movement of the virus upward in the stem may be 
associated with the movement of water in the xylem. 

Esau (1948b) has made detailed studies on the anatomy of 
plants affected by Pierce’s disease and phony peach disease. 
Using field grown and greenhouse grown grape and alfalfa plants, 
she found gum development in the xylem as a principal symptom. 
Gum was deposited in vessels and other xylem cells, and in grape 
there was pronounced development of tyloses in the wood. Xylem 
symptoms are apparently primary, as they develop prior to ex- 
ternal symptoms. Irregular cork formation and excessive ac- 
cumulation of non-functioning phloem of grape appear to be sec- 
ondary symptoms resulting from disturbed water conduction. 
Peach roots affected by phony peach also show gummosis in the 
xylem. 

Although the anatomic symptoms of Pierce’s disease of grape, 
dwarf of alfalfa, phony peach and psorosis of citrus are similar, 
the tissue relations of these diseases may not be alike. Pierce’s 
disease and alfalfa dwarf, apparently caused by a single virus, are 
closely associated with the xylem where the primary symptoms 
occur. Psorosis, on the other hand, is readily transmitted by bark 
grafts, and phony peach disease is restricted to the root. Bennett 
(1940a) places the latter in the parenchyma-limited group and 
suggests that a combination of the slow movement in this tissue, 
coupled with a susceptibility to high temperature, may explain its 
concentration in the root. More work is needed before a clear 
picture of the anatomic and physiologic relations of these highly 
specialized viruses can be had. 
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In a thoroughgoing review, Esau (1948c) considers anatomical 
aspects of plant virus disease problems. Reviewing the papers 
mentioned above and many others, she brings out important re- 
lations between structure and function as these are emphasized in 
virus work. Prominent among these relations are those involving 
food and virus movements. Because this review is readily avail- 
able it will not be considered further here. 


FLUORESCEIN 


At the time of the last writing (Crafts, 1939b), work on fluores- 
cein was in a confused state, since in many experiments controls 
had not been established to distinguish between the following 
mechanisms of movement: (a) absorption via the cell walls and 
movement along the transpiration stream with accumulation along 
the way by living cells; (b) absorption via the symplast into the 
phloem and release into sieve tube lumina followed by transport 
with the assimilate stream and subsequent adsorption by sieve- 
tube cytoplasm; (c) absorption via the symplast into the sieve 
tubes and subsequent cell-to-cell diffusion along the sieve tube 
cytoplasm. Movement of the third type had been well established 
and had proved to be slow and non-polar. Rapid movements had 
been recorded but experiments were not controlled sufficiently to 
exclude the possible functioning of types (a) and (b). 

Rouschal (1941), in an extensive paper on phloem transport, 
describes studies with fluorescein on several tree species and on 
Pelargonium and Cucurbita pepo. He found fluorescein to be 
strongly absorbed by the cytoplasm of the sieve tubes, companion 
cells and the phloem parenchyma. It was also detectable in the 
vacuoles, which is contrary to Schumacher’s (1933) findings. 
Rouschal concluded that the dye moves by a mass streaming (pres- 
sure-flow) in low concentration in the vacuoles of the sieve tube 
cells and is accumulated secondarily in the cytoplasm. This is in 
agreement with an opinion of Crafts expressed in 1938 (Crafts, 
1938, p. 804). 

Using young shoots, fruits and petioles of leaves, Rouschal 
found polarized movement in the direction of food transport. This 
movement could be reversed by drastic treatment with plasmolys- 
ing agents. In elongating shoots of Cucurbita he found a basal 
movement in the extrafascicular sieve tubes that was counter to 
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the normal apicai flow. By reversal studies he proved that ba- 
sipetal flow occurred only in these outer sieve tubes, not in the 
main bundles. Rouschal suggests that this is evidence for inde- 
pendent movement in opposite directions. He did not mention 
that only cucurbits have these extrafascicular phloem bundles. 

In a brief review of the translocation of solutes in plants, W. 
Schumacher (1947) has reaffirmed his conviction that fluorescein 
moves in cells independent of the solution medium (water) and in- 
dependent of protoplasmic streaming. Showing a polarity, it 
moves from the bases to the apices of plant hairs, and the velocity 
of spreading is independent of concentration. From studies with 
dodder he concluded that movement from cell-to-cell takes place 
through the total intercellular surface rather than through plas- 
modesmata. Applied to the veins in leaves, fluorescein first ac- 
cumulates in parenchyma, then passes into sieve tubes, where it 
moves by a polar movement downward through the petiole into 
and through the stem, where it may move upward, downward 
or in both directions (compare with A. Schumacher, 1948, p. 99). 
The velocity of dye movement varies from two to 50 cm. per hour; 
in young stems it is greater than in old; in wide sieve tubes 
greater than in narrow; the distance of movement depends upon 
the quantity applied; a small quantity moves only a short distance 
but is “shoved” on by application of more. Aesculin and 
fluorescein move by similar mechanisms but independently of each 
other. Schumacher believes that fluorescein movement in sieve 
tubes takes place in the plasma. 

Repeating Rouschal’s 1941 tests with the use of glycerin to 
bring about reversal of fluorescein movement, Schumacher claims 
that sucrose will not cause the effect. He considers the glycerin 
reaction to result from an irritation of the plasma. Having 
eliminated the pressure-flow mechanism, protoplasmic streaming 
and adsorption to plasma surfaces, Schumacher concludes “ that 
we must rest with our questions on the mysteries of the proto- 
plasm” (das wir mit unseren Fragen an das Ritsel des Proto- 
plasmas selbst rithen). 

In 1948 A. Schumacher, after extensive studies on the dimen- 
sional relations of phloem of whole plants, undertook to deter- 
mine the relation of anatomy to physiological behavior by fluo- 
rescein studies. Using Bryonia dioica plants growing in their 
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natural habitat, sodium fluorescein was applied as a 0.1% solution 
in a small saturated cotton wad to a small epidermal wound on 
stems, petioles and leaves. 

A. Schumacher speaks of the movement of fluorescein as a 
propagation or wave-like movement (Wanderwelle), and from 
many experiments she found the apex of the fluorescein stream to 
be about one cm. from the point of application after 14% hours. 
Apparently this time was required for the dye to penetrate the 
tissues and begin movement within the sieve tubes. Finding the 
fluorescein localized in the protoplasm (in agreement with her in- 
structor, W. Schumacher), she assumed that it was moving by a 
molecular movement, independent of other assimilates. 

In studies on movement in the main axes of eight plants in- 
volving 26 measurements of basipetal movement and nine of ac- 
ropetal, it was evident that basipetal movement was most rapid. 
In only one pair of measurements did acropetal movement exceed 
basipetal; in eight other pairs basipetal movement exceeded. 
Series of measurements along the stem showed increasing rates 
of movement from the tip toward the base. The highest rate re- 
corded was 60 cm. per hour for three hours for basipetal move- 
ment of the dye applied at a point 245 cm. from ground level. 
Averaging 168 measurements, she found propagation velocities 
to vary between limits of 15 and 65 cm. per hour with the average 
approximately 50 cm. per hour. The velocity was lowest in the 
apical region of the stem, and the direction was oriented either 
basally or apically; occasionally it moved in both directions. 
When the stem above the point of introduction carried growing 
fruits, the movement was into these where the dye was stored. 
One peculiarity of this transfer of fluorescein along the stem was 
a staining of old phloem and peripheral parenchyma which in the 
mature bundle becomes collenchyma-like. An important observa- 
tion was that with sufficiently long duration of the experiment 
the fluorescence in the sieve tubes subsided, whereas the storage 
parenchyma was still strongly fluorescent. The fluorescence in- 
creased with distance from the point of introduction and, after 
reaching a maximum concentration, fell off rapidly. 

Fluorescein studies on side shoots of the Bryonia plants showed 
somewhat lower rates and the same tendency for rates to increase 
toward the base. Sieve tubes are smaller in the side shoots and 





246 THE BOTANICAL REVIEW 


in the apical regions than in basal regions of both main axes and 
side shoots. 

In studies on the behavior of individual sieve tubes, A. Schu- 
macher reported that all sieve tubes of a bundle do not take up 
the dye; it is preferably absorbed by the smaller outlying sieve 
tubes and transported to the node where it is released into larger 
anastomosing tubes. Long range rapid transport occurs in these 
larger tubes. By introducing the dye into a leaf and following 
its subsequent movement, she found it to enter the stem and to 
move both upward and downward in the same bundle and even 
possibly in the same sieve tube. She did not mention the rate 
of movement in these studies. 

In stems having the basal leaves removed and others which 
were cut back to lateral branches, flow of fluorescein from the 
narrow to the wide basal channels was observed. Movement in 
the wider flow channels of the basal portions was rapid, even 
though the dye was more dilute. Schumacher reasons that, be- 
cause flow was rapid where no constriction occurred, it did not 
confirm the pressure-flow hypothesis. In view of the possible 
rapid exchange of water between the phloem and surrounding 
tissues, it seems obvious that no close relation between flow veloc- 
ity and channel area could be expected. Her assumption that 
flow along two-dimensional plasma-boundary planes could increase 
in these large tubes, even though concentration apparently de- 
creased, is equally difficult to accept. 

Checking on the influence of fruits upon fluorescein transport, 
A. Schumacher treated stems in both apical and basal regions. 
Near the apex movement was toward and into the fruits; in the 
basal region it was basipetal. Movement was into peduncles, even 
when the fruits were removed, and into flower stalks, even after 
removal of flowers. Fluorescein did not enter petioles of intact 
leaves. A. Schumacher offers no explanation for the many ex- 
amples of polarized fluorescein movement which she found in her 
experiments. 

In an important recent paper Bauer (1949) describes fluorescein 
studies that throw much light on the mechanics of absorption and 
translocation, and particularly on the possible role of cell walls. 
As a result of many tests Crafts (1932) contended that the dis- 
tribution of dilute eosin solution in leaves takes place along cell 





MOVEMENT OF ASSIMILATES, VIRUSES, ETC., IN PLANTS 247 


walls instead of through sieve tubes, as suggested by Schumacher 
(1930). In 1939 Palmquist (1939) proved that fluorescein would 
enter a scraped leaf and move basipetally at a rapid rate if the 
plant was deficient in water. Colwell (1942a,b) found that if he 
applied radioactive phosphorus solution in a plasticine lake on a 
squash leaf that had a water deficit in the xylem, the tracer would 
move in rapidly and flow basipetally down the stem past a steam 
ring. As Palmquist had shown, it was necessary to saturate the 
plant until it was completely turgid and no water deficit existed in 
the xylem or cell walls in order to obtain phloem movement. 

Bauer (1949) cited Strugger’s (1938) report on the rapid 
movement of fluorescein in the midrib of Elodea. Using Elodea 
densa leaves, he found that fluorescein moved in rapidly and spread 
in the walls of the cells of the vascular bundle. He had similar re- 
sults with berberin sulfate. He interprets his results as indicating 
a streaming of dye solution in microcapillaries in the walls similar 
to the water movement in mesophyll cell walls induced by trans- 
piration. Repeating his tests on Ranunculus aquatilis and Bryonia 
dioica tissues, he again found rapid movement to take place along 
cell walls with subsequent accumulation in cytoplasm. In the 
vascular bundles rapid movement took place in the walls of phloem 
cells. 

Using a series of fluorescein concentrations, he found with in- 
creasing dye concentration that in addition to staining the plasma 
there was fluorescein in increasing amounts in the vacuoles of 
sieve tubes. By alkaline buffering of the sections he also found 
weak concentrations of the dyestuff in the vacuoles. Because he 
could detect the effects of the buffer at a distance of several centi- 
meters from the point of application, he concludes that inorganic 
salts can be conducted in the sieve tubes. This is in agreement 
with the findings of Mason and Maskell (1931). He confirmed 
this finding by tests with KCNS which could be precipitated by 
berberin sulfate. He also found that primulin, Rhodamin B, 
Rhodamin 6G and chinin chloride move in the sieve tubes, some 
however better than others. Many other dyes would not move. 

The basic dye berberin sulfate moved in the sieve tubes in the 
same manner as potassium fluorescein; both dyes could be seen 
to move in the same sieve tube. Bauer followed the movement 
of these two dyes under the microscope. This first phase of the 
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movement involved always a diffuse spreading of the dyes local- 
ized in the vacuoles. This was followed by an accumulation in 
the cytoplasm. Bauer concludes that these results indicate a pri- 
mary movement of the indicators in vacuoles of the sieve tubes by 
a mass streaming. Because the acid fluorescein and the basic 
berberin sulfate both moved in the same sieve tubes, Bauer con- 
cludes that polar movement of these dyes can not be related to 
electrostatic properties of the dyestuffs. Acidification of tissues 
containing fluorescein caused a sharp accumulation in the plasma 
followed shortly by extinction of fluorescence. Bauer concludes 
his paper with an attempt to reconcile his observations with a 
mechanism involving electrical polarity in which the sieve tube 
is pictured as a series of micro-glands that pass their contents on 
from cell to cell; this in turn being overlain with pressure-suction 
streaming in the sense of Munch (1930) and Frey-Wyssling 
(1932). It might be well to explain here that Frey-Wyssling 
would add to the turgor-pressure gradient, postulated by Mtinch 
to exist between the point of synthesis (source) and the point of 
utilization (sink) of assimilates, a suction pressure at the sink, 
resulting from complete utilization of assimilates and a water def- 
icit derived from the hydrostatic pressure status of the xylem. 
Crafts proposed even earlier (1931, 1932) that living cells at the 
sink are able by active accumulation to maintain a low concentra- 
tion of solutes in the phloem. 


RADIOACTIVE ELEMENTS 


The classical experiments of Stout and Hoagland (1939) proved 
that radioactive phosphorus absorbed by the roots passes upward 
through the xylem, but that lateral movement across the cambium 
through living cells is so rapid that ordinary analyses of wood and 
bark, separated after the salt had moved up, showed the test ma- 
erial in both tissues. Only by separating the bark from the xylem 
by oiled paper were they able to demonstrate that conduction was 
taking place in the xylem. The degree of control required in 
these experiments is an example of the care that is necessary in 
order to perform critical tests with such indicators. 

In 1940 Biddulph reported on studies with radiophosphorus in 
bean plants. The tracer was added to the nutrient solution of 
large bean plants, and after absorption periods of one, two and 
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four hours, the plants were removed, cut into fractions, dried and 
analysed for radiophosphorus with a Geiger counter. After one 
hour the tracer was found only in roots; after two hours some 
was present in the hypocotyl and stem; after four hours the con- 
centration in a water extract of roots equalled that in the culture 
solution, and the tracer had migrated to the tips of the plants. 
The concentration in the fourth and fifth leaves was greater than 
in the stem and lower leaves. Biddulph concluded that move- 
ment was rapid and followed the transpiration stream. 

In a second paper (Biddulph, 1941) diurnal migration of in- 
jected radiophosphorus from bean leaves was described. Using 
Red Mexican bean plants, Biddulph injected radiophosphorus by 
cutting the principal lateral vein in the terminal leaflet of the 
second alternate leaf on plants having four alternate leaves fully 
developed. This lateral vein was dissected out to form a flap 
while the leaf portion being cut was held under water. The flap, 
so cut that the absorbed solution flowed into the leaf in an acro- 
petal direction, was placed in the tracer solution for five minutes 
and then transferred to pure water. Using four-hour migration 
periods, the treated plants were cut into fractions, dried and ashed, 
and the tracer measured by Geiger counter. From preliminary 
trials it was found that the tracer rapidly spread through the 
treated leaf, then migrated down the petiole and moved into the 
stem, some going into the upper leaves, most moving downward 
to lower leaves, stem and roots. 

Because experiments carried out at different times indicated a 
possible daily cycle in the migration of phosphate, experiments 
were designed to explore the behavior for 24-hour periods. By 
running successive four-hour tests, curves for 24-hour periods 
were pieced together that show the responses of the plants. These 
show that most of the phosphate migrated during the daytime and 
least at night. The maximum was around 10 A.M. and the 
minimum around 10 P.M. The direction of migration from the 
petiole was principally downward, only a small amoun. inoving 
upward during the morning and very little after 2 P.M. 

The amount of phosphorus injected into a leaf during one of 
these experiments was of the same order as the amount normally 
translocated to a leaf in 24 hours. During the morning when 
downward migration was rapid some of the tracer evidently mi- 
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grated laterally to the xylem where it passed up into the upper 
leaves. Biddulph concluded that phosphorus may move upward 
in the xylem to the leaves, where it passes over to the phloem and 
moves back downward; thus a “circulation” of phosphorus in 
the plant is possible. It was unfortunate that Biddulph did not 
steam ring petioles of his treated leaf to check on backward move- 
ment in the xylem. Without this control it is impossible to deter- 
mine what portion of the backward movement was in the phloem 
and what was in the xylem. Since Dixon’s classical experiments 
on dye injection in potato, it has been recognized that once the 
xylem has been opened, movement through the xylem of trans- 
piring plants follows hydrostatic gradients established by the cut- 
ting. Illustrations of cotton leaves by Mason, Maskell and Phillis 
(1936) show that the veins are thoroughly interconnected, and so 
injection at any point will result in rapid displacement of xylem 
contents, the point of opening (injection) acting as a source of 
liquid at a relatively high pressure. The direction of initial flow 
in such an interconnected system has little significance. 

With this mechanism in mind, the rapid migration, especially 
into leaves during the day, may have resulted mainly from xylem 
injection. The movement into roots was undoubtedly via the 
phloem. The acceleration between 2 A.M. and 6 A.M. may have 
reflected the influence of root pressure on phloem transport; as 
water becomes very available a residual acceleration might follow 
from rapid osmotic uptake. 

Colwell studied the translocation of radiophosphorus on squash 
plants in 1942 (Colwell, 1942a, b) and found that great care must 
be exercised to control the uptake and movement if transport by 
a single tissue system is desired. He proved that the tracer could 
move through intact leaves into the xylem and migrate along hy- 
drostatic gradients; on the other hand, by exposing only a small 
fraction of a leaf or using plants growing in a saturated atmos- 
phere, he could limit movement to the phloem. Scalding of 
petioles was used as a control on the tissue utilized for transport. 
When transport was restricted to the phloem, movement of the 
tracer was predominantly in the direction of food movement in 
the plant. Although some experiments indicated movement both 
upward and downward from the node of insertion of the treated 
leaf, the ready radial movement of salts from phloem to xylem 


‘ 
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shown by the early work of Mason and Maskell (1928) or the 
reverse movement found by Stout and Hoagland (1939) show 
how difficult is interpretation of such results. With squash plants, 
where a separation of phloem from xylem can not be made, steam 
ringing is the best known method for determining whether or not 
movement is restricted to the phloem, and the ringed plant being 
the control, one is still left in doubt as to whether the experimental 
plant is behaving in the same manner. 

Biddulph and Markle (1944), using the leaf injection method 
described by Biddulph in 1941, studied the translocation of radio- 
phosphorus in the phloem of cotton plants. Although their injec- 
tion method undoubtedly resulted in rapid uptake through the 
xylem of the treated leaf, for almost the whole leaf contained the 
tracer after a five-minute absorption period, under the conditions 
of their tests the tracer apparently migrated rapidly to the phloem 
where it moved out of the leaf into the bark of the stem above and 
below the treated leaf axil. The tracer was followed along the 
veins to the petiole and on into the stem. As it entered the stem 
its distribution brought about concentration gradients extending 
both up and down from the point of entry. Downward movement 
was in excess of 21 cm. per hour. The tracer in moving from the 
leaf via the phloem diffused readily into the xylem, and its pri- 
mary movement in the phloem was proved by separating the bark 
from the wood by oiled paper, as in the experiments of Stout and 
Hoagland (1939). Under normal conditions it’seems possible for 
phosphorus, transported in the phloem, to migrate into the xylem 
and reascend the stem into the leaves, thus maintaining a circula- 
tion in the plant. 

Biddulph and Markle suggest from the distribution pattern of 
their tracers in the cotton stem that movement is analogous to 
that resulting from simple diffusion. Contending that the mass 
flow hypothesis postulated a unidirectional movement, they state 
that such a mechanism could not explain the simultaneous upward 
and downward movement of tracer which they found. This is an 
obvious misinterpretation because the mass flow from a leaf might 
split and move to two separate sinks just as water will flow from 
two separate faucets that are attached to a single pipe by a T- 
connection. They found upward moy..iaent to be quite variable, 
running from practically none to 40% of the mobile phosphate. 
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This is readily explained on the basis of variation in balance of 
utilization between the crown and roots, reflecting differing shoot 
and root growth. It can not be explained on the basis of a dif- 
fusion-like movement, nor is it necessary to postulate “ some 
unknown internal factors” that “control rate and direction of 
movement ”. 

Rabideau and Burr (1945) used radioactive carbon as a tracer 
in studies on translocation. Exposing leaves to CO containing 
C18, photosynthesis resulted in formation of carbohydrates that 
moved both upward and downward in plants. This radioactive 
photosynthate would not pass killed portions of the stem, and 
these workers concluded that it moves in the phloem. Radio- 
phosphorus applied to roots moved readily upward past killed 
portions of the stem. 

Withner (1949) studied the distribution of radiophosphorus in 
maturing corn plants by applying the tracer as KH2PO, through 
the culture solution. The tracer increased throughout the plants 
for about two weeks after its introduction; then it gradually de- 
creased. In the foliage parts the concentration approached a con- 
stant value when expressed as counts per minute per unit dry 
weight. While concentration lowered in all the reproductive por- 
tions, it remained relatively high in the kernels, intermediate in 
husks, and low in cobs and tassels. After its primary distribution 
through the transpiration stream this tracer apparently undergoes 
secondary movement in the phloem along with food materials. 


HORMONES, VITAMINS, GROWTH REGULATORS 


Early work on movement of auxin in plants indicates three pos- 
sible mechanisms that may act separately or in combination to 
distribute this growth regulator: (a) polar cell-to-cell movement 
in a basipetal direction ; this occurs in the oat coleoptile, stem tips, 
etc., and requires a 1000-fold concentration difference to reverse 
movement; it accounts for natural movement of auxin in con- 
centrations normally present in plants; (b) absorption from the 
culture medium by roots and distribution through the xylem by 
the transpiration stream; (c) reverse flow in the phloem following 
uptake by leaves or accumulation from the transpiration stream. 


The latter two movements occur when auxin in high concentration 
is applied. 
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Huber, Schmidt and Jahnel (1937) studied the auxin content 
of the phloem exudate of ten forest trees. Though their tests were 
conducted late in the season, they found significant amounts in 
Robinia, Fagus and Aesculus in July and August. By September 
the amounts had dropped to insignificant values. These results 
indicate that, at least in certain forest trees, auxin is conducted in 
the assimilate stream in the phloem under normal conditions (na- 
turally occurring auxin). It would be interesting to know the 
relation of this auxin in the assimilate stream to cambial activity 
in these trees. 

Du Buy and Olson (1940) showed that the transport of auxin 
in the oat coleoptile is inhibited by absence of oxygen or by respira- 
tion depressants. 

Jacobs (1950) studied polar auxin transport in bean hypocotyls. 
He found at the top of nearly mature hypocotyls that a large 
amount of applied auxin could be transported in a basipetal direc- 
tion. In no case could applied auxin be found to move acropetally 
in hypocotyl sections. At successively lower levels from the top 
successively smaller portions of the applied auxin were transported 
basipetally. This steady decrease in the strength of polar trans- 
port along the axis of the hypocotyl contrasts with the sharp 
localized shifts in structure. Polar auxin transport ability first 
appeared in three-day- and five-day-old hypocotyls and increased 
steadily between the five-day- and eight-day-old stages of growth. 
No polar movement of diffusible (naturally occurring) auxin was 
found at any age or at any level in the hypocotyl; the amounts col- 
lected were small and constant. 

Curtis and Clark (1950) discuss the movement of auxin and 
growth factors, particularly as related to growth, flowering and 
fruiting of plants. 

Although little further work has been done on auxin movement, 
studies on translocation of the reproductive stimulus in plants have 
shown that flower induction is caused by a definite substance that 
may act locally or may be moved. There is evidence that it is 
formed in mature leaves. 

Loehwing (1938), using a slit panel through which soybean 
plants were arranged, subjected the tops and bases to different 
photoperiods. He showed that, whereas flower induction is usu- 
ally considered to be localized in these plants, defoliation brought 
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about transfer from donor to receptor regions. His conclusion 
was that flower initiation was caused by some hormone-like sub- 
stance and not by photosynthate. Flower initiation in a receptor 
region subject to long-day treatment could be brought about by 
defoliation if a donor region consisting of another portion of the 
plant was subjected to short-day treatment. 

Hamner and Bonner (1938), using Xanthium pennsylvanicum 
plants, found that, though the initial perception of the floral stimu- 
lus is by mature leaves subject to a short photoperiod, the stimulus 
may be transported from these to other portions of the same plant, 
or that it may move through a graft or across a diffusion contact 
to another receptor plant. Fully expanded leaves on receptor 
branches subjected to long photoperiod exert an inhibitory influ- 
ence on floral initiation; under similar conditions young expand- 
ing leaves promote floral initiation and flower development. De- 
foliation was not necessary in Xanthium, for the stimulus moves 
normally both up and down the stem to regions that have not 
received induction by photoperiodic treatment. They attribute 
floral initiation to a definite hormone-like substance. 

Withrow and Withrow (1943) studied floral induction in 
Xanthium and found translocation between an induced donor plant 
and a receptor only when tissue union was established as a result 
of uninterrupted tissue contact for four days or more. Presumably 
phloem contact could be established in this period, as indicated by 
work on tobacco (Crafts, 1934). The floral stimulus failed to 
translocate downward through a killed petiole or through func- 
tional xylem. It also failed to pass a ring in the bark. They con- 
cluded that it moved only in the bark, a result in harmony with 
those of Moshkov (1939). 

Stout (1945), studying translocation of the floral stimulus in 
sugar beet, found that it would move down a donor shoot and up 
into a darkened shoot in contact through the lower root with the 
donor shoot. It would not move up into a third attached illumi- 
nated shoot. This result substantiates the defoliation work of 
Loehwing and indicates that the flower-inducing substance, like 
curly-top virus (Bennett, 1934, 1940a), is translocated along with 
food materials. Using grafted beets and darkened shoots as re- 
ceptor regions, Stout was able to demonstrate the translocation of 
floral induction from annual to biennial portions when the annual 
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portion was continuously illuminated. Apparently the flower- 
inducing substance is the same in annual and biennial beets; the 
biennial plants apparently require a cold treatment as well as a 
long photoperiod to produce this substance. 

In a long series of careful experiments, Borthwick, Parker and 
their associates have studied photoperiodic induction of flowers in 
soybean. While most of their work has concerned the factors re- 
sponsible for induction and the nature of the responses, some ex- 
periments have involved translocation processes. Grafting studies 
(Heinze, Parker and Borthwick, 1942) indicate that a definite 
substance is involved and that it will pass a graft union. Tem- 
perature studies (Borthwick, Parker and Heinze, 1941) show 
that local chilling of the petiole of the donor leaf to a temperature 
of 3° C. inhibits the movement of the stimulus ; 5-6° C. caused less 
inhibition; and at 10° C. all the treated plants blossomed. In a 
subsequent paper (Parker and Borthwick, 1943) experiments 
were described wherein the induced leaf was locally cooled. These 
tests proved that synthesis of the flower-inducing stimulus is in- 
hibited by a somewhat higher temperature than that required to 
prevent translocation. Hence when the whole plant is cooled, 
synthesis of the stimulus in the donor leaves is the primary process 
preventing flower induction because it becomes limiting at a 
higher temperature than does translocation. Response of the re- 
ceptor tissue at the growing point is affected by the same tem- 
peratures as is translocation (Borthwick, Parker and Heinze, 
1941). 

The work of Stout (1945) indicates that the flower-inducing 
stimulus is a definite substance translocated in the phloem along 
with foods. The work of Borthwick, Parker and associates sug- 
gests that flower induction in soybean follows transport of a sub- 
stance to the receptor region via the phloem. Loehwing (1948) 
reports that extracts of Zea mays are effective in inducing flower 
initiation. And Bonner and Bonner (1948) report that an extract 
from Washingtonia robusta induced flowering in 58 out of 68 
Xanthium plants kept under long day conditions. 

Galston (1949), working with soybeans, proved that leaves of 
Agate or Batorawka varieties grafted onto Peking or Biloxi recep- 
tors previously maintained in a vegetative condition will induce 
flowering. The floral stimulus apparently moved in the phloem, 
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for scalding prevented its passage and it would not pass a one- 
millimeter water gap between donor leaf and receptor petiole. 

Many further attempts have been made to find and utilize a 
flower-inducing hormone with little success. Bonner and Bonner 
have been unable to repeat their experiment. Considering the 
evidence presented it seems likely the flower-inducing substance is 
carried in the phloem along with food substances. This means that 
in order to obtain flower induction the substance must be gotten 
into the phloem against the turgor pressure normally present in 
this tissue; foods must be moving from the point of introduction 
to the growing point; and this meristem must be sufficiently active 
to respond by flower primordium initiation. Bennett's work 
(1934) on introduction of curly-top virus into the phloem suggests 
trial of the needle pricking method, or possibly the use of leaf- 
hoppers, as technics for injecting the materials into the phloem. 
Anatomical studies on the ontogeny of shoot tips (Esau, 1943; 
Crafts, 1943a, b) indicate that the protophloem sieve tubes are the 
only vascular elements that could possibly carry the hormone close 
enough to the meristem to get a response. 


VITAMINS. Studies on the transport of thiamin in tomato by 
Bonner (1942) show that this material is synthesized in mature 
leaves and carried to the young developing leaves where is accu- 
mulates to a high concentration. It also moves down to roots. 
This distribution resembles that found for radiophosphorus by 
Biddulph and Markle (1944) and suggests movement along with 
foods. Thiamin accumulated markedly above a girdle made by 
steaming the stems at the second node, that is, below the main 
leaves. It also accumulated below a girdle made in the region 
between the mature leaves and the young rapidly expanding leaves. 
The roots of decapitated plants from which all axillary shoots 
were removed contained more thiamin than roots of similar plants 
from which axillary shoots were allowed to grow. Comparative 
accumulation of thiamin in girdled petioles of young and old leaves 
indicated that thiamin may be exported by old leaves having rela- 
tively low concentrations rather than by young leaves having 
higher concentrations. Again, polar transport is indicated, but a 
pressure-flow mechanism may still account for this movement, 
since concentrations within the phloem are unknown. A purely 
diffusional mechanism could not apply. 
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Studies on pantothenic acid and riboflavin (Bonner and Dor- 
land, 1943) showed that these compounds were distributed in the 
plants in a pattern like that for thiamin. Pantothenic acid accumu- 
lated above a stem girdle and in girdled petioles on the laminar 
side; accumulations were smaller than those of thiamin. Ribo- 
flavin failed to accumulate. 

In a third series of experiments Bonner (1944) tested large lots 
of tomato plants by girdling some and leaving others ungirdled and 
measuring concentrations initially and finally present in both 
girdled and ungirdled plants. Five days after girdling stem sec- 
tions were harvested from above and below the girdled regions; 
similar sections were taken from the ungirdled plants. He found 
that thiamin, pyridoxine, pantothenic acid, riboflavin, sucrose, total 
nitrogen and protein nitrogen accumulated above the girdle. Non- 
protein nitrogen did not accumulate. This probably represents 
the simpler fractions moving up through the xylem and being con- 
verted to the protein-nitrogen fraction above the girdle. The ex- 
tents and rates of accumulation varied, and Bonner questioned the 
value of the results as related to the mechanism of mass flow. In 
view of the possible differences in rates of synthesis, rates of trans- 
port (different particle size), degree of accumulation by living 
storage cells, utilization in growth and metabolism, destruction and 
possible leakage into the xylem, it seems unlikely that uniform 
rates and ratios of accumulation could be expected. The evidence, 
for what it is worth, indicates a correlated movement of these 
various materials in the tomato, and such movement seems to be 
explained best by mass flow. 


GROWTH REGULATORS, INCLUDING 2,4-D. A great variety of 
growth regulators has been studied during the last ten years. In 
1944 Beal found that application of 4-chlorophenoxyacetic acid to 
the stems or leaflets of sweetpea produced nodule-like swellings 
on the roots. Evidently this material was absorbed by the foliage 
and moved into the roots where it caused the abnormal growth. 
Ferri (1945), studying translocation of synthetic growth sub- 
stances, showed that they could be absorbed by roots from the soil 
and moved upward through the xylem. Such movement was not 
dependent upon the function of living cells. 

With the announcement, in 1944 by Hamner and Tukey, that 
2,4-dichlorophenoxyacetic acid sprayed on the foliage of wild 
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morning-glory brought about death of the roots, great interest in 
weed killers was aroused and many researches have been carried 
out. Those involving translocation will be reviewed. 

Mitchell and Brown (1946) showed that movement of the 
stimulus resulting from 2,4-D treatment is correlated with move- 
ment of organic foods in bean plants. Translocation did not occur 
from leaves having a low sugar content; it was rapid when the 
plants were exposed to intense light and adequate CO2. Such 
exposure, resulting in active photosynthesis and sugar production, 
prepared the plant to respond, even though the 2,4-D treatment 
was made later, with the plant in the dark. When the 2,4-D was 
applied to roots the resulting stimulus was translocated through 
non-living cells of the stem, indicating that it traveled in the trans- 
piration stream. Weaver and DeRose (1946) obtained similar 
results with bean plants. Drastically reducing the leaf area availa- 
ble for photosynthesis prevented response. In alfalfa basipetal 
movement was more rapid in young active tissues. Their illustra- 
tions (figs. 1 and 2) indicate upward movement in the xylem past 
a killed region with subsequent accumulation in the phloem. This 
is reminiscent of the results of Maskell and Mason for nitrogen, 
and of Skoog for auxin. It agrees with Bonner’s results on vita- 
mins and nitrogen compounds. 

Penfound and Minyard (1947) doubted the movement of 2,4-D 
with food materials because it caused more epinasty and greater 
necrosis if the plants were kept in the shade. They found similar 
bending and necrosis of bean plants in darkness, diffuse light or 
direct sunlight. They used two drops of kerosene containing 1000 
p-p.m. of the butyl ester of 2,4-D in their treatments, and it is 
possible that this solution spread down the petiole and even down 
the stem, as kerosene is known to have great spreading ability on 
plant surfaces (Crafts and Reiber, 1948). 

Rice (1948) proved that even though 2,4-D was rapidly ab- 
sorbed by the leaf in the dark, translocation occurred only in the 
light in carbohydrate depleted plants. 

Watson (1948) injected 2,4-D into one primary leaf of each 
of many bean plants and studied the effects on leaf form. He 
treated plants having terminal bud leaves ranging from four to 
36 mm. in length. Though he did not stress translocation of 2,4-D 
in his work, careful consideration of his results brings out the point 
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that the growth regulator moved from the injected leaf to the 
terminal bud and affected the young leaf initials. Study of his 
Figure 7 indicates that the chemical was most concentrated in the 
second or third leaf initial from the tip; that is, in the initials in 
which food was being most rapidly utilized in tissue formation. 

Linder, Brown and Mitchell (1949), working with three esters 
of 2,4-D and one of 2,4,5-T (2,4,5-trichlorophenoxyacetic acid), 
each dissolved in kerosene, Varsol and motor oil (SAE 20), found 
that treatment (200 »gm. of ester) with all esters in all solvents 
gave similar results. Using plants that had been kept in the dark 
for 18-24 hours, they treated groups (one leaf per plant) and then 
placed half in continuous fluorescent light and half in the dark. 
In the light definite curvatures were observed within four to 24 
hours; in the dark no curvature occurred. Leaves receiving the 
growth regulators were treated with lanolin to prevent excessive 
spreading of the oil treatments. There was no evidence of effects 
from volatilization of the esters. Since all the esters gave similar 
responses, the workers concluded that the growth regulators were 
translocated under conditions that favored translocation of photo- 
synthate from leaves. The number of carbon atoms in the ester 
side chain did not influence the relation between the molecule and 
the assimilate with which it moved. Apparently the compounds 
or stimuli from them are translocated in a common manner from 
the leaves of bean plants. 

Rohrbaugh and Rice (1949) tested the effects of sugar treat- 
ments on translocation of 2,4-D in bean plants that were free of 
reserve carbohydrate as a result of being kept in darkness. In 
the light 2,4-D treatment (70 pgm. Na-2,4-D) caused a 31° 
curvature of the stems. In the dark sugar treatment (three dip- 
pings in 10% sucrose) plus 2,4-D resulted in 20° curvature, 
whereas plants that received no sugar remained straight. Trying 
different sugars, they found glucose and fructose somewhat more 
effective than sucrose in promoting translocation. Possibly these 
smaller molecules penetrate the cuticle and enter leaves more 
readily than sucrose. Inhibition of growth of the first trifoliate 
leaf paralleled stem curvature as a measure of 2,4-D action. 

Weintraub and Brown (1950) reexamined the relation of sugar 
application to 2,4-D transport in bean. Using plants depleted of 
reserves by a 24-hour period in the dark, they found no evidence 
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of movement of the growth-regulator from the treated leaf if it 
was applied alone; if 2,4-D treatment was accompanied by sugar, 
movement, as evidenced by curvature of the stem, took place. 
Similar results were obtained using indole-3-acetic acid, betahy- 
droxyethyl-4-chlorophenoxyacetate, p-chlorophenyl-2,4,5-trichloro- 
phenoxyacetate, 4-chlorophenoxyacetamide, 2-brom-3,5-dichloro- 
benzoic acid, N-(2,4-dichlorophenoxyacetyl)-urea, and the mor- 
pholine salt of 2,4-dichlorophenoxyacetic acid. Apparently the 
effect of sugar upon transport of a growth-regulating compound 
is not dependent upon the presence in the latter of any particular 
molecular grouping. 

In addition to sucrose the following sugars facilitated growth- 
regulator movement: glucose, fructose, maltose, lactose and galac- 
tose. As shown by shoot development, all of these sugars are used 
as nutrients by the bean. Since the type of growth regulator and 
the type of sugar are not specific in their effects on translocation, 
the authors conclude that some type of mass conduction must be 
involved. 

By using a girdle, Weintraub and Brown showed that a small 
amount of growth-regulator applied to an intact leaf will move 
downward in the phloem and accumulate above the killed portion 
of the stem. Using sugar feeding, they found that neither sugar 
nor growth-regulator, alone or in combination, would traverse a 
killed zone. However, when a large dose of growth regulator is 
applied to an intact primary leaf, it may move acropetally through 
a killed region of the stem and cause overgrowth of the parenchy- 
matous cells above the girdle. This is reminiscent of Colwell’s 
experience with large and small area treatments on squash leaves 
and indicates the high degree of control required to make certain 
the tissue in which an indicator is to move. 

Using radioactive 2,4-D I as an indicator of translocation, 
Mitchell and Linder (1950a) confirmed the earlier observation of 
Mitchell and Brown (1946) that very young leaves do not export 
significant quantities of absorbed growth regulator. Surface active 
agents increased the absorption and translocation of the indicator ; 
there were large differences between different agents in their abil- 
ity to increase absorption. The radioactive tracer was found to 
accumulate in the upper hypocotyl and first internode of young 
bean plants, portions in which there was active utilization of as- 
similates in growth. 
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Davis and Smith (1950), using bean plants, showed that trans- 
location of applied 2,4-D depends upon the presence of carbohy- 
drates. Sucrose, maltose, levulose and dextrose all induced trans- 
location of 2,4-D in starved plants. Sucrose was the most effective 
sugar. 

Day (1950) has made careful studies on the translocation of 
2,4-D in the bean plant. Applying a measured dose (five micro- 
grams) to one unifoliate leaf of a young bean having only its two 
unifoliate leaves expanded, he found that the chemical was ab- 
sorbed and translocated downward where it caused a curvature 
of the still lengthening epicotyl. Unilateral bending results from 
the one-sided location of the vascular bundle of the treated leaf. 

From some 27 experiments involving many thousand plants, 
Day comes to the following conclusions. Absorption of 2,4-D by 
the bean leaf and translocation to the phloem takes around an hour 
on the average. A comparable time is required for curvature after 
the 2,4-D arrives in the stem. Translocation through the leaf and 
petiole, a distance that averaged around seven cm., takes place in 
about ten minutes. Four experiments gave average velocities of 
45, 12, 106 and 49 cm. per hour. Dosage has no significant effect 
upon translocation rate, but it does determine the degree of curva- 
ture of the epicotyl. 

Application to the underside of the veins of the leaf causes more 
rapid curvature than application to the top. Killing of the hypo- 
cotyl by steaming delays translocation from the leaf into the epi- 
cotyl. Removal of the lamina also delays translocation. At any 
one time 2,4-D will move only in one direction. The logical in- 
terpretation of these experiments is that 2,4-D moves rapidly in 
the phloem of the bean plant. Direction and velocity of transloca- 
tion are independent of 2,4-D concentration and are correlated 
with food movement. 

Bending began in 96 minutes at 35° C.; in 145 minutes at 25° C. 
Day concludes that absorption rather than translocation is prin- 
cipally responsible for this high temperature coefficient. Rate of 
bending was about the same at both temperatures but recovery was 
more rapid at 35°. Because high temperature speeds up recovery, 
whereas steaming of the hypocotyl slows it down, it seems reason- 
able that recovery results from translocation of 2,4-D past the 
responsive region of the epicotyl. 

Plants depleted of starch by being held for 48 hours in the dark, 
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when treated and kept in the dark, responded by local curling of 
the treated leaf but had no curvature of the epicotyl. Curvature 
occurred if 2,4-D was applied directly to the epicotyl. Similar 
plants treated on one leaf and placed in the light responded by 
curvature. Treated plants that had not responded in 24 hours in 
the dark did curve when placed in the light. Plants that had been 
in the light responded when treated and immediately placed in the 
dark. From these experiments Day concluded that translocation 
of photosynthate is the important factor involved. Response to 
early morning treatment was much slower than to afternoon treat- 
ment which fits the same explanation. 

Day’s results indicate that 2,4-D is an ideal indicator for trans- 
location studies. Applied in small quantities, it moves through 
the cuticle, is absorbed by the mesophyll and passed on to the 
phloem, where it moves rapidly with foods and causes a visible 
measurable response in the stem at some distance below. As the 
indicator passes on down to the roots, the stem recovers and, at 
the dosage used (five micrograms), no measurable harm is done. 
Day concludes that 2,4-D is translocated by the same mechanism 
that transports naturally occurring food materials. 

Though some may question whether 2,4-D or some stimulus 
from its presence is actually carried, work with radioactive 2-iodo- 
3-nitrobenzoic acid (Wood et al., 1947; Mitchell et al., 1947) 
indicates that this growth regulator is actually translocated in the 
form of the intact molecule. 

More recent studies with 2,4-D show that this chemical also 
may move from bean leaves into stems, whence it may be re- 
covered; recovery in this case was 44% (Weintraub, Brown and 
Yeatman, 1950). Mitchell and Linder (1950b) have shown that 
surface active agents may increase the rate of absorption and 
translocation of radioactive 2,4-D,5I phenoxyacetic acid and its 
morpholine salt. The acid was translocated to a greater extent 
than the salt. 

Ripper, Greenslade and Hartley (1950) have described a new 
systemic insecticide that apparently moves readily within the plant 
and accumulates in leaves and growing tips where feeding aphids 
are killed. The material may be applied to the roots in solution 
or sprayed on the leaves. It is apparently absorbed by the roots 
and distributed through the transpiration stream to the foliar por- 
tions of the plant. Sprayed on the leaves, it moves to the tender 
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shoots and flower stalks where aphids are prone to feed. Such 
distribution again suggests movement with foods in the plant. It 
is interesting to note that this new insecticide, a complex organic 
phosphorus compound, will kill aphids at concentrations that are 
not injurious to the plants. 

The discovery that fluorescein, radio-phosphorus, and 2,4-D 
applied to leaves may be absorbed by the mesophyll, transported 
to the phloem and carried to remote parts of the plant, indicates 
the possible use of translocated chemicals as systemic herbicides, 
insecticides and fungicides. Work on translocation of 2,4-D has 
been described; use of translocated herbicides is mentioned by 
Crafts and Harvey (1949). More recently maleic hydrazide has 
been introduced as a growth inhibitor (Schoene and Hoffman, 
1949) and grass killer (Currier and Crafts, 1950; Crafts, Currier 
and Day, 1950). There are some indications that this material is 
translocated from the leaves to the crowns of grasses (Crafts, 
Currier and Day, 1950). 


DISCUSSION 


From the many papers reported, there seem to be certain trends 


showing up in our recent research on translocation. Association 
of transported materials with food movement has appeared many 
times (virus, fluorescein, radioactive tracers, auxin, flower-induc- 
ing hormones, vitamins, and 2,4-D). While the simple mechanism 
of mass-flow provides the easiest interpretation for these observa- 
tions, it should be pointed out that we know very little concerning 
the possible association complexes possible between these various 
materials and the common foods in plants. At first glance it 
would seem difficult to visualize strong combinations, particularly 
with viruses, fluorescein and radioactive tracers. This phase of 
the problem needs study. ‘ 

Numerous attempts have been made to prove the mass-flow 
mechanism untenable. Three attempts to prove simultaneous 
movement of solutes in opposite directions in the sieve tubes have 
proved uncritical (Crafts, 1938). In the present review the work 
of A. Schumacher (1948) has been covered (p. 231). Though it 
gave an excellent picture of the volume relations of the phloem in 
the two plants studied, it in no way proved the Miinch mechanism 
to be fallacious. More typical of the various attempts is the work 
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of Tingley (1944), mentioned on page 214. The first decision to 
make regarding Tingley’s results involves the true nature of the 
response measured. If, as might be concluded from the rapid 
dilution observed, the exudate is not a true sample of the assimi- 
late stream (see also Crafts and Lorenz, 1944a), then the whole 
effect is an artifact and has no meaning for either the mass-flow 
or the activated diffusion hypothesis. The only thing it would 
prove is the ability of the phloem to rapidly conduct the exuded 
material. 

If, on the other hand, one grants the validity of Tingley’s ob- 
servations, then no mechanism involving diffusion will account 
for the transport of assimilates to the growing tips of the shoots 
because the gradient would be in the wrong direction. Polar 
transport (Loomis, 1945) might explain the movement, but no 
one has yet demonstrated polar movement longitudinally in sieve 
tubes. Most of the experiments on this type of movement can 
best be explained on the basis of polar accumulation by border 
parenchyma and release into the sieve tubes. 

There remains then mass flow, and, because, as explained (page 
215), it seems possible that growing tissues may absorb the total 
volume of the assimilate stream, this mechanism would seem best 
to account for translocation under Tingley’s conditions. While 
this does not fit the original picture given by Miinch, it does agree 
with present day concepts of the mass-flow mechanism. For 
translocation of assimilates to tissues along the trunk of a tree or 
the mature stem of a herbaceous plant the gradients of Crafts 
(1932) and Tingley (1944) are in the right direction. For move- 
ment into young growing tissues where the total assimilate stream 
is used, and probably water and salts from the xylem as well, only 
pressure is required and this Tingley found. Her data therefore 
are much more damaging to the theory of diffusional movement 
than to that of mass or convectional flow. 

While most of the work in this country has concerned tracers 
of various sorts, several German workers have attacked the physio- 
logical-anatomical aspects, attempting to throw light on the me- 
chanics of sieve-tube function. W. Schumacher and A. Schu- 
macher have used plasmolysis, fluorescein movement and other 
technics in an effort to find the way in which assimilates pass 
through sieve tubes. Along with Clements and Loomis of this 
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country, van den Honert of Holland (1932) and Mangham of 
England (1917), they picture movement as taking place on the 
surface of active protoplasm. A. Schumacher suggests movement 
as a monomolecular layer. When we consider from the composi- 
tion of sieve-tube sap (Moose, 1938; Huber, Schmidt and Jahnel, 
1937) that the assimilate present in a sieve tube may equal in 
mass the cytoplasm, the tremendous surface that would have to be 
exposed becomes apparent. If we visualize the cytoplasm as made 
of alternate sheets of extended protein backbones, united laterally 
through polar side chains (Frey-Wyssling, 1948) and interspersed 
with water and assimilate molecules, it seems that the frictional 
resistance to any rapid flow of assimilates would be enormous. 

Translocation in plants is a problem in three dimensions; that 
is, volume transport. To spread the mass of material transported 
into a mono or even a polymolecular layer (A. Schumacher, 1948; 
Curtis and Clark, 1950) does not reduce its volume; it only adds 
to the difficulty of its movement. When one considers the numbe; 
of polar groups involved and the possibilities for bonding between 
highly active protoplasm and food materials, it seems as though 
the resistance would be insurmountable. To assume that active 
sieve tube protoplasm provides the medium for surface movement 
of the foods transported in plants demands careful studies on the 
properties of the mature sieve-tube protoplasm. 

Turning to the group who favor mass-flow, some equal mis- 
understandings are in evidence. Munch (1930, 1943) states that 
the sieve fields of sieve tubes offer no more resistance to mass flow 
of the assimilate stream than do the pit-closing membranes of 
tracheids to the flow of the transpiration stream. This interpreta- 
tion, in view of the filling of the sieve pores with protoplasm, 
seems to neglect our knowledge of hydraulics. The end walls of 
the sieve tubes must offer the principal resistance to longitudinal 
flow, and this resistance must be great. 

Huber (1939, p. 192) makes a strange allusion to the Poiseuille 
law in connection with his interpretation of the resistance offered 
by different sized pores in the sieve plates of different species. 
Since all the pores are filled with protoplasm, the only legitimate 
use of the Poiseuille law would seem to be in its application to 
the intermolecular interstices in the cytoplasm matrix or in the 
phloem walls. Just as the penetration of plasmolyticum through 
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the cell walls of plasmolysed cells may be an index of the dimen- 
sions of pores in these walls, so the measurement of the molecular 
dimensions of solutes in the sieve-tube sap may give a measure of 
the interstitial spaces in the sieve-tube cytoplasm, for this sap 
will exude across the end walls of mature sieve-tube elements, 
leaving the larger molecular aggregates filtered out on the plates. 

On page 230 Huber (1939) again speaks of sieve-tube pores 
as if they were open, alluding to the many-pored condition as if 
it were a multiperforate septum and the large scarce-pored condi- 
tion as following Poiseuille’s law. He repeats the statement in 
the fifth paragraph of his summary (p. 240): “Diese Entwick- 
lungsrichtung ist nur vom Standpunkt der Konvektionstheorie aus 
verstandlich, da viele feine Poren fiir Molecularbewegungen ( Dif- 
fusion), wenige grosse fiir Massenstromungen (Konvektion) for- 
derlicher sind”. If we can believe the views presented by a 
number of workers, including Huber and Rouschal (1938), that 
the sieve pores are filled with cytoplasm, then it is the intermolec- 
ular interstices of this cytoplasm and not the size of protoplasmic 
connections in the sieve plates that is critical. 

Rouschal (1941) continues this misconception on page 140 
where he refers to the breaking through (‘‘ Durchbrechung ”’) of 
the sieve pores. From anatomical studies it seems that the proto- 
plasmic connections of the sieve plates are present from the earliest 
recognizable stages of sieve-tube development. These structures 
do become much more prominent during the maturation stages, 
partly because they enlarge somewhat (particularly in some broad- 
leaved plants) and partly because they stain more heavily at that 
time. The idea of “ breaking through” of sieve pores goes back 
to Hill (1908, p. 285) who felt compelled to describe the perfora- 
tion of the sieve-tube connections, even though he did not see it. 

In 1941 Mason and Phillis (1941), commenting on the mecha- 
nism of phloem transport, controvert the view that the mature 
sieve-tube protoplasm becomes highly permeable, claiming that 
such elements can be plasmolysed. They apparently agree with 
Small (1939) that there is protoplasmic streaming in mature sieve 
cells. With no description of the various stages of sieve-tube 
ontogeny, no adequate criteria for judging maturity expressed, 
and no citations given to literature on phloem anatomy, one won- 
ders whether these workers realize the nature of the problem they 
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would solve so simply. On page 399 they say: “. . . all recent 
investigators are unanimous in concluding that the sieve pores are 
not open”. On page 400 they state: “ Apparently he (Crafts) has 
not realized that the sieve pores allow pressure to be transmitted 
from one element to another”. One wonders what Mason and 
Phillis think about this situation. Apparently all investigators are 
not unanimous. 

Mason and Phillis bring up with Curtis and Asai (1939) the 
problem of lateral leakage if sieve tubes are permeable. The 
phloem does leak laterally if the limiting layer of parenchyma is 
cut (Crafts, 1939a) or injured by curly-top virus (Bennett, 1935; 
Bennett and Esau, 1936). Apparently Mason and Phillis have not 
noted these citations. They agree with Curtis and Asai (1939) 
that the phloem exudate plasmolyses the parenchyma of the exud- 
ing phloem. This is true. What all four failed to appreciate was 
that the phloem sap inside the stem is under high turgor pressure. 
Under these conditions TP would approach OP and DPD would 
be low. Water would not pass from the parenchyma cell proto- 
plasts; they would not plasmolyse. 

In answer to the final point of Curtis and Asai (1939) that 
hydrostatic pressure could not be generated in the fine veins of 
the leaf, no one claims that transition cells of the leaf are freely 
permeable. Only the mature protophloem sieve tubes have this 
property. Their distribution in the leaf is adequate to provide 
for the transport of assimilates. 

The discussion of water conduction by phloem in Mason and 
Phillis’ paper shows a complete misunderstanding of the struc- 
tural relations of this tissue. Most of the water conducted in the 
plant moves under a gradient of reduced pressure in a tissue (the 
xylem) reinforced on the inside to withstand external pressure. 
Through this tissue the water is literally dragged from the soil 
into the root and up through the plant. When the xylem is re- 
moved and transpiration continues, water may be taken from the 
phloem for a short while; soon, however, the phloem starts to 
shrink; as the deficit increases it collapses because it has no in- 
ternal strength to resist external pressure; resistance to longitudi- 
nal flow is excessive and the plant dries up. Dédpp’s misappre- 
hension of the relative roles of these two tissues has been treated 
previously (page 215). 
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On page 401 Mason and Phillis state: “ We were . . . able to 
show that the protoplasm normally occupies the bulk of the cell”. 
On page 402 they apparently agree with Sinnott and Trombetta 
(1936) who concluded that “the problem of determining cyto- 
plasmic volume in plant cells seems almost a hopeless one’’. In 
the mature sieve cell the parietal layer can be measured with fair 
accuracy, and from this and the dimensions of the cell the maxi- 
mum cytoplasmic volume can be calculated. The problem here 
is to decide what occupies the lumen inside the parietal layer. Is 
it solid cytoplasm, as suggested by Clements (1940), Cooil (1941) 
and Went and Hull (1949), or is it a solution of assimilates, as 
Miinch (1930), Huber and his associates, and Crafts contend? 
When this question is answered we will have gone a long way 
toward understanding the mechanics of phloem transport. The 
fact that it exudes freely from cut mature sieve tubes would seem 
to have a bearing on the problem. 

Researchers have long sought tracers to use in translocation 
studies. Dyes, lithium salts and many other materials were tried 
but little was learned concerning mechanism. Fluorescein and 
other fluorescent indicators have been extensively used; caffeine 
and asparagin were tried; and then came radioactive isotopes. 
With all of these materials, however, it has been necessary to cut 
up the treated plants and analyze by direct quantitative methods, 
by ashing and the Geiger counter, by microscopic or radiographic 
methods, or by some procedure that destroys the treated plants. 
Always there is the question as to what the destruction has done 
with respect to the localization or distribution of the test material. 

Studies on phloem-conducted viruses have indicated that these 
materials may serve as useful indicators. However, though these 
studies show that the virus may be translocated at rates that pre- 
clude the possibility of injury to the sieve tubes during the time 
of movement, some physiologists insist that these materials are 
not satisfactory tracers. Although they may be injected into the 
phloem by insects that cause little immediate injury and trans- 
located appreciable distances at high rates, to detect their destina- 
tion one must wait for symptoms, cut up the plant and culture 
the cuttings, or test with insects for reinfection. And there is 


always the question of the effect of virus multiplication in the plant 
on the process of translocation. 
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In 2,4-D we apparently have the ideal translocation tracer. Ap- 
plied in low dosage (five micrograms) to the unifoliate leaf of a 
bean plant, it is absorbed by the leaf cells, moved through the 
mesophyll and released into the phloem. Here, in association with 
food materials, it is rapidly translocated down the petiole and stem. 
During its passage through the epicotyl its presence is made mani- 
fest by differential elongation resulting in bending. After some 
time the 2,4-D is apparently carried down the stem; the epicotyl 
straightens, and, so far as can be found by measuring subsequent 
growth and carefully inspecting the roots, no injury is sustained 
by the plant. 

At higher dosage rates this chemical causes distortions, mal- 
formations of stems and leaves, and inhibition of roots. At still 
higher rates it kills the treated plants. All experiments conducted 
to date indicate a correlation of 2,4-D movement with translocation 
of foods in the plant. 


SUPPLEMENT 


The subject of translocation of solutes in plants was one of the 
first to be investigated by plant physiologists. In spite of the 
continued interest, translocation is still controversial, many of the 
major problems are unsolved, and little progress has been made 
in recent years toward agreement on interpretation of experi- 
mental results. Because an understanding of the processes of 
translocation is essential to progress in the fields of nutrition, virus 
control and use of systemic insecticides and translocated herbicides, 
any pertinent data that will clarify the situation should be welcome. 

Background material on the physiological aspects is available 
in Munch (1930), Curtis (1935), Crafts (1938), Mason and 
Phillis (1937) and Crafts (1939b). Reviews on phloem anatomy 
may be found in Esau (1939, 1950). 

This supplement is appended to present certain aspects of 
phloem anatomy that have not been stressed in physiological work 
on translocation. Figures 1, 2 and 3 show that protophloem de- 
velopment progresses in a continuous acropetal direction to within 
a short distance from the growing apices of root and shoot. Hence 
mature protophloem sieve tubes are present to provide transport 
of nutrients to growing initials while they are still of microscopic 
size. Detailed studies on development of the primary plant body 
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2. 
Fic. 1. Diagram of the apical region of a Nicotiana shoot, showing the 
position of the first differentiated sieve tube and the first xylem vessel in each 
leaf. The vertical distance from the upper mature protophloem sieve tube of 


leaf 4 to the apex of the shoot meristem was 324 yu. The lateral distance 


from mature sieve tubes of leaves 5 and 6 is considerably less. (From Esau, 
Bot. Rev., March, 1943). 
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Fic. 2. Diagram of a diarch tobacco root tip showing spacial relations 
between the different regions of the root and the first vascular elements. 
The first mature protophloem sieve tube extends into the region of active cell 
division. (From Esau, Bot. Rev., March, 1943). 
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sieve tubes extend to within a vertical distance of 400 microns of the shoot 
(From Crafts, 
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1943). 





— 5 


Diagram of the apical region of a Sequoia shoot. 
0 represents the apex of the shoot meristem. 
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Figures 4 and 5 show that, whereas the differentiating sieve- 
tube elements are active cells filled with dense protoplasm, the 





Fic. 





the phloem system in plants is continuous throughout the mature 


plant body and extends through the primary vascular system al- 


(Esau, 1943) prove that this early protophloem system is con- 
most to the primary meristems. 


tinuous through metaphloem with the secondary phloem; 
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Fic. 4. Longitudinal section through the stele of a tobacco root tip show- 
ing normal differentiation of a sieve tube (st). Note plasmolysis of the 
newly elongating sieve tube elements, loss of nucleus, and finally the clear 
translucent condition of the mature elements which do not plasmolyse 
£570. (From Esau, Hilgardia, Van., 1941.) ‘ 








Fic. 5A (Upper). Transverse section of a young diarch root of healthy 
tobacco showing stele and part of the cortex at 450 microns from the apex 
The sieve tubes (st) are approaching maturity but are still capable of 
plasmolysis. The nucleus in the element on the lower right is disintegrating. 
x 455. 


Fic. 5B (Lower). Section similar to that of 5A but at 500 microns from 
the apex. The sieve tubes have matured; they have lost most of their 
protoplasm, retaining only a thin parietal layer which is incapable of plas- 
molysis. > 455. (From Esau, Hilgardia, Jan., 1941.) 





Fic.6. (a) Longitudinal section of the phloem of white pine. Of the three 
sieve elements shown, the one on the left is young with a highly active proto- 
plast (note slight plasmolysis); the center one is in the early stage of 
nuclear disintegration; the one on the right is more mature. IKI and water- 
soluble aniline blue stain. > 500, 

(b) Longitudinal section of white pine in living state. Left, mature sieve 


(Legend continued on page 277.) 
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(a) Transverse section of squash stem, showing a portion of a 
sieve plate with dense, solid protoplasmic connections, light callus cylinders, 
and a gray cellulose matrix. The protoplasmic connections are impregnated 
with slime. > 700. 

(b) Longitudinal section of a squash stem, showing a bladder-like struc 


(Legend continued on p. 277.) 





MOVEMENT OF ASSIMILATES, VIRUSES, ETC., IN PLANTS 277 


mature elements have only a thin parietal layer of cytoplasm sur- 
rounding a large lumen almost devoid of cytoplasmic contents. 


Figures 6 and 7 show various aspects of phloem anatomy and 
cytology. Figures 6a, b and c show that in white pine young 
sieve-tube elements are nucleate and plasmolysable, whereas neigh- 
boring mature elements are enucleate and will not plasmolyse. 
The remaining views illustrate that the cytoplasm of mature sieve 
tubes is tough and fibrous, that it is continuous through the strands 
traversing the sieve plate, and that its appearance depends very 
much upon the treatment it has received in preparation of the 
sections. 


The anatomical relations shown impose certain limitations on 


translocation theory that have not been recognized by all workers 
in this field. 





(Continued from page 275.) 
tube; center, young sieve tube in bulging stage, showing protoplasmic bridge 
separating two vacuoles. In the young element plastids abound in the pro- 
toplasmic bridge and in the parietal protoplasmic layer; in the mature ele- 
ment starch grains are floating freely in the cell lumen. > 500 

(c) Longitudinal section of the phloem of white pine. Center, young sieve 
tube showing concave plasmolysis from hypertonic sucrose solution; right, 
mature sieve tube unaffected by the sucrose solution. > 500. 

(d) Mature sieve tube of cucumber killed in 50% alcohol. The parietal 
cytoplasmic layer has been shrunken and it is pulled away from the side 
walls. Distinct from this layer is an inner network of cytoplasmic threads 
that traverse the pores in the end wall and extend throughout the length of 
the cell. Slime from the disintegrated nucleus and slime bodies has been 
coagulated within the inner stranded structure. < 690. 

Fig. 6a, b, c from Abbe and Crafts, Bot. Gaz., June, 1939. 

Fig. 6d from Crafts, Plant Physiol., April, 1932. 


(Continued from page 276.) 


ture formed by the pressing through and inflation of one of the solid con- 
— of the sieve plate. Note proximity to cut end of stem (lower left). 
x 700 

(c) Sieve tube and spiral vessel of potato. Section killed with absolute 
alcohol and acetic acid. Parietal and internal protoplasm not contracted. 
Sieve-tube lumen contents coagulated to a flocculent reticulum which com- 
pletely fills the cell. The dark mass on the sieve plate is composed of starch 
grains that are out of focus. > 750. 

(d) Internal protoplasmic strands in a mature sieve tube of potato. The 
strands pass through the sieve plate but have been disrupted on the upper 
side in cutting the section. IKI and water-soluble aniline blue stain. 

(e) Sieve plate of Fraxinus showing the fibroid condition of the cytoplasm 
of the mature element. There is some slime on the upper side of the sieve 
ey a mass of cytoplasmic threads above and a few starch grains in view. 
x ; 

Fig. 7a, b from Crafts, Am. Jour. Bot., March, 1939. 

Fig. 7c, d from Crafts, Plant Physiol., Jan., 1933. 

Fig. Ze from Crafts, Protoplasma 33: 389-398. 1939. 
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